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SUMMARY

This memorandum summarizes information that
has become available to the Defense Metals Informa-
tion Center since 1960 on the general corrosion
behavior of titanium and titanium alloys. It sup-
plements similar information contained in Bureau
of Mines Bulletin 619, which covered the period
through 1360, Collectively, these two publications
provide an up-to-date review on the performance
of titanium and its alloys in various salt solu-
tions, mineral acids, organic compounds, gases,
and liquid metals.

Since 1960, a number of field tests have
been performed on titanium in various corrosive
environments. This memorandum points out those
service applications where the use of these materi-
als is likely to be limited, as well as many appli-
cations where their use has been quite successful.

This memorandum also identifies certain media
and conditions under which stress-corrosion crack-
ing behavior has been observed in titanium and/or
titanium alloys. These media include certain solu-
tions of NaCl, HoSO4, HCl, dry red fuming nitric
acid, methanol containing HpSO4 or HCl, certain
grades of NoO4, molten cadmium, mercury, silver,
and silver-containing compounds and alloys. Ex-
periences with the stress-corrosion cracking of
titanium and its alloys in hot salt and on the
accelerated crack propagation of these materials
in selected environments are not included in this
memorandum, these having recently been summarized
in another DMIC publication.

INIRODUCTION

The use of titanium has grown remarkably since
since it first achieved commercial status in the
early 19%0's., By the end of 196%, the total
annual mill production of titanium had reached
nearly 19 million pounds, of which about 90 percent
went to aircraft and aerospace applications. This
usage has resulted largely from the high strength-
to-weight ratio and good corrosion resistance of
titanium and its alloys.

To keep pace with the vast amount of corro-
sion information that has been generated since the
early 19%0's, the Defense Metals Information
Center genersted a series of 17 reports, memoranda,
and technical notes that dealt wholly or in part
with the performance of titanium and its alloys.
These are listed below:

IMIC

Ro. Rate Iitle

The Corrosion of Titanium
(PB 121601, $4.7%)

The $tress Corrosion and
Pyrophoric Behavior of
Titanium and Titanium

— Alloys (PB 12163%)

*Research Chemical Engineer and Chief, respective-
1ys in the Corrosion Research Division, Battelle
Memorial Institute, Columbus, Ohio.

SSIMIC supply exhausted; coples may be ordexred

from CFSTI.

574 Oct. 29, 1956
84%» Sept. 19, 1957

MIC
No.

CORROSION OF TITANIUM

J. D. Jackson and W. K. Boyd*

Date

Title

216

224

89

151%*

163

173

201

209

in specific media or onvlr? nts.
first and only DMIC report(l

May 10, 1965

Jan. 3, 1966

Mar. 6, 1961

Apr. 27, 1962

Jan. 15, 1963

Aug. 1, 1963

Jan. 29, 1965

Oct. 5, 1965

Corrosion of Materials by
Ethylene Glycol-Water
(AD 466284)

Ignition of Metals in Oxygen

EMORANDA

Summary of Present Information
on Impact Sensitivity of
Titanium When Exposed to
Various Oxidizers (PB 161239,
$0.50)

Compatibility of Propellants
113 and 114 B2 With Aero-
space Structural Materials
(AD 275427, $0.50)

Reactivity of Metals With
Liquid and Gaseous Oxygen
(AD 297124, $0.75)

Reactivity of Titanium With
Gaseous N2O4 Under Conditions
of Tensile Rupture (AD 419555,
$0.50)

Compatibility of Materials
With Rocket Propellants and
Oxidizers

Materials for Space~Power
Liquid Metals Service

IEGHNICAL NOTES

July 29, 1964

April 9, 1965
July 9, 1965

Feb. 1, 1966

Feb. 4, 1966

Permeability of Titanium to
Hydrogen

Liquid Metal Embrittlement

The Effects of Silvexr on the
Properties of Titanium

The Stress-Corrosion and
Accelerated Crack-Propagation
of Titanlum and Titanium
Alloys

Reaction of Titanium With
Gaseous Hydrogen at Ambient
Temperatures .

Apr. 11, 1966 Stress-Corrosion of Ti-6Al-4V

in Liquid Nitrogen Textroxide

As indicated by their titles, most of these
publications were concerned with behavior of titaniua

In 1964, the
that dealt with the

general corrosion behavior of titanium and its
slioys (Report No. 57) was superseded by U. S.

Bureau of Mines Bulletin 619, "

to;ion of Titanium
2) This bulletin

and Its Alluys”, by David Schlain.
provides an excellent and comprehensive summary of
general corrosion data, most of which were obtained
prior to 1960. This present DMIC memorsndum repre-
sents an effort to summarize similur corrosion
dats that have been generated since that time.
Thus, taken together, Bureau of Mines Bulletin 619
and this memorsndum provide what is believed to be
8 ressonably complete and up-to-date summary of

the general corrosion behavior of titanium and its
alloys in various salt solutions, mineral acids,
organic compounds, gases, and liquid metals.

8o far as other DMIC publications are con-
cerned, the dats in this memorandum supplement

* References are listed on pages 38 to 41,




but do not supersede or include the detailed data
contained in the above~listed technical notes.
The only exception is that no attempt has been
made in the present memorandum to summarize or
review those data that appeared in the techr cal
note of February 1, 1966, relating to the hot-sult
stress-corrosion cracking or crack propagation be-
havior of tltanium and titanium alloys. Much new
information on these two subjects is currently
being developed on programs associated with the
development of the supersonic transport by the
FAA and the deep-diving submersible vehicle by the
Navy. Consequently, it is the intent of DMIC to
undertake a complete and separate review of the
- hot-salt and crack propagation data toward the end
~ of 1966 by which time a reasonably complete sum~-
mary of this new information can be made.

‘ ON IN SALT UTIONS

€. orro

In general, titanium and its alloys show ex-
cellent corrosion resistance to seawater, salt
water, and other salt solutions over a wide range
of temperature and concentration. Much of the
data supporting these conclusions were obtained
prior to 1960, and have been summarized in detail
by Schlain.(2}

For reference purposes, the corrosion rate
of unalloyed titanium in seawater at ambieFt tem-
perature is low, about 0.02 mils per year.(3)
Several titanium alloys, Ti~7%A, Ti-6Al-4V, Ti-DAl-
2.58n, and Ti-3A1-11Cr-13V, were completely re-
sistant to deep ocean exposure for times o 197
days in stressed ur unstressed cordition.(4) The
exposure was made at 2340-foot depth in the Pacific
Ocean off California. Some specimens were partly
submerged in the mud at the bottom. The salinity
was 34.37 g NaCl/kg of seawater, pH 7.46, with an
oxygen content of 0.60 ppm. The temperature
averaged 45 F with a velocity of about 0.3 knot.
Stress specimens were stressed from 3% to 7% per-
cent of yield strength with no {ndication of
fallure after 197 days.

Table 1 gives corrosion rates for various
wrought and powder-metallurgy produced titanium
meterials in calcium chloride solutions. Note
that "regular” (i.e., presumably, conventionally
melted and rolled materisl) unalloyed titanium

- shows about the same resistance as the other materi-
als. Table 2 gives corrosion rates of several
titanium=molybdenun~paliadium=carbon alloys in
several CaCl, solutions as well as in various
mineral acid solutions. Note that, in 330 F,

73 percent CaCly, severe pitting occurs in unslloyed
titanium but no% in alloys containing palladium or
molybdenum.

The corrosion resistance of several welded
titanium alloys was investigated in chloride salt
solutions.(3) The corrosion rates are shown in
T.:é. 3. Exposure times of 705 to 932 hours were
Usod. é

The corrosion resistance of the welded
specimens was found to be comparable %o the base
metal. Welded titenium alloy OT4-2 (5.5-6.7A1,
1.0-2.3n) was equally resisten’ to the medis
shown. Titanium was severely corroded in 75 pex-
cent 61012 at 352 F, however.

Other studies were made using MgClo-GH20 at
374 to 379 F.(3) This salt decomposes to Mga0Clp

-

“

and HCl. In 400 to 500~hour tests, unalloyed
titanium weldments suffered corrosion of 70 to 200
mpy. Weldments of Ti-3Al-1.%Mn were more resistant,
about 12 mpy, and welded 0T4-2 corroded at 2.4 mpy.

Table 4 presents additional data for unalloyed
titanium in various chloride solutions.

Table 5 shows the effect of pH on the corro-
sion resistance of unalloyed titanium to boiling
23 percent NaCl.{8) The solution was probably
acidified with HCl, showing the effects of Increas-~
ing HCL content.

Crevice and Pitting Attack

Titanium has been shown to be subject to
crevice attack in high-temperature salt solu-
tions.(3,6,9,10)  With NaCl the severity and fre-
quency of the attack increase with increase of salt
concentration above a temperature of 212 F. The
frequency of attack increases with exposure time.
The attack increases with increased acidity but
has been observed at a pH as high as 8.7,

N Several allozs also show some susceptibility
fo crevice attack.l9) These included:

Ti-3.5A1-4,9Cr-0.2Fe
Ti=4,2A1-4.Mn-0.3Fe
Ti-6.4A1-4.2V-0 . 2Fe
Ti-7.4A1-2.0Cb-1.1Ta-0.2Fe
Ti-8.2A1-8.52r-0.7Cb=-0.5Ta.
TABLE 1 EXPOSURE (N CACTRM CHLORIDE soLumions'™)
Corogion Rates, Wils pet year, For Indicated Exposure®
1 2 3 4 5 6 1 8§ 3 W 1

ﬁg; nows 002 01 160 ooe ooz M gl o i W
w N - . - - - e a=
r‘g:;; WS =« =« = = o = <« = = =
L e S
1 T S [
W . . . - . < w0
1 |
L ™
(0} Regular titanium,

{b) Powder metalturgy titaium — 95 10 99 percont density,

(c) Powder metaliurgy titasium « 95 10 99 percent demsity.

(0) Powder metatlusgy titgnium = 95 to 99 pascent Gensity.

(o) Titanium chemicatly imprognated with M, to acorosimaiely 427 ppm. Shin
concontration of Wy estimated 1o be 50,000 pom.

(1) Titwiom vacusm 042008 Wy,

(8) Tiiasium vacusm asaasied 1o 44 Jo Hy.

mnuummwpn,uummm
Bichaess of 3 microinches,

(1) Platingm ploted titasium,
Pordeiaind.
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TABLE 2. EXPOSURES WITH TITANIUM ALLOYS*<3)

& Corrosion Rates, mils per vear, For Indicated Exposure**
Material 1 2 3 4 5 6 7 8 9
Ti 0.002 sle) Nil 0.003 0.0006 0.1 >95(a) 1110 Nil
Alloy 1 Nil Nil 0.006 0.0l 0.0006 0.1 > 90(a 968(9g) Nil
Alloy 2 0.003 Nil Nil 0.006 0.001 0.1 2 21.3 0.03
Alloy 3 0,005 Nil 0.01 0.005 0.02 0.9 3 5.6 3
Alloy 4 <i(b)  Ni1 Nil -~ 0.0l 2 - 12,6 -
Alloy 5 2 25(¢) 0.003 - 0.02 ) - >4000( e) 0.6
Alloy 6  Nil 0,03(d)  0.007 0.08 0.03 4 3 - 24
Alloy 7 0.1  1alc) 0.003 ©.06 0.02 0.7 >210(a)  >aooo(e) 0.3
Alloy 8  Nil Nil 0.0001 0.02 0.01 0.4 28(f) 223 0.3
Alloy 9 - Nil 0.003 - -~ 0.02 0.8 - 396 0.4
Alloy 10  Nil 0.03(d)  0.01 0.02  0.02 3 3 14.2 14
Alloy 11 <1(b)  0.02 0.001  0.01  0.02 1 6 33.4, -
Alloy 12 == Nil 0.01 -~ 0.05 5 - 10.2(h)
Alloy 13 <i{d)  o0.02 0.005 -~ 0.002 - 3 14.4 6
(a) Specimen completely consumed.
{(b) One pit in specimen.
{c) Very badly pitted.
(d) slight attack under spacer.
(e) Perforated.
(f) Scattered pits.
{g) One specimen consumed.
(h) Uniform etch with deep pits.
*Note:
Alloy Compositions
Nrought Titanium Gast Titanium
Alloy _Bd. _C Mo  Alloy _Pd _C_ Mo

0.22 =~-- - - 1.90 -

0.19 0.015 11.90 - 1.07

0.20 0.014 19.89 - 1.45

b 00010 24062 °t2° 1019
0.21 1.9
0.15 1.30
0.1l 1.16
— 1-06
0.17 1.29

Test
Temp, Dur::lon.
Exposuxe __Environmert . days

62% CaCl, 310 96
73% CaCl3 3% 84
Wet Clp gas - 200 132
o0 15K, wet Cl, 110 140
%, HOC1,
C0240%, air 30X
NaCl brine (chlorine 200 132
cell anolyte)
6% ngsgt. saturated &0 92

36X HC1 4'2200 ppm Asbient
free 012

31% HC1 +"1 ppm 130
free Cl2, traces
chlorinated
organics

68X HNO3 saturated 210
with metal nitrates




TABLE 3. CORROSION OF TITANIUM WELDS IN SALT SOLUTIONS(3)

Concen- Tempera- -
tration, ture, Welded Parent Welded Parent
Medium . wiX F Joint
l(qC12 82-53 32 0.12 0.12 0.02 0.02
CaClz 50.6 266 0.0% 0.0% 4] 0
M, Cl 46.% 239 0.02 0.02 0.04 0.04
Selution A

NHoCL 18.4 - - - - -
NaCl 7.9 239 0.02 0.02 0.03 0.03
RayS0, 7.0 - - - - ~

TABLE 4. COORROSION OF UNALLOYED TITANIUM IN VARIOUS SOLUTIONS

Concen- Tempera- Corrosion
tration, ture, Rate,

~Envirorpent _ percent E =Y Reforsnce
AlCl3 10 212 <0.4 (e)
CaCly 2 212 <9 {6)
CaClp %0.6 266 0.05{2) (s)
Ca(Cl0)2 6 212 €0.04 io)
cutl %0 212 <0.04 6)
OuCly 10 Boil <3 {7
CuGly 4 212 <39 (6)
FeCl3 % 212 <0.4 (6)
FeCly %0 302 <s (7)
HgCl, 10 212 0.4 6)
MgCL3 52 3% 0.12(8) 5)
NaCl Seturated 212 <0.4 (6)
NaCl Satursted 232 A (7
M,CL 46.3 2% 0.0 a) (s
$nCl 24 212 <0.04 ()
M C1 18.4 2% 0. g-; (s)
NaC) 79 2% 0.0 8 zs
Na %0, 7.0 2% 0.c2e) S
Al (80,)4 Saturated 7S <) (8)
Fr I B
7Y L} . 8
M4C104 15-20 1% <3 8)
W F 10 ™ 0 8)

(a) Weld and parent setal.

TABLE 5. EFFECT OF pH ON CORROSION OF BD
TITANIUM IN BOILING 23 PERCENT MaCi(8)

Corrosion Rau;

- 0y
1.0 : 33.6
1.1 » 33.0
1.2 8.0
1.3 2.1
1.4 ' Nl
1.9 . Nl

‘

However, a Ti-0,15Pd alloy was significantly more
resistant.(9) Crevice attack, once started, tends
to continue even though the crevice is destroyed.
Up to 50 percent of exgosed crevices show attack in
severe environments.(9

In concentrated salt-refinery brines, the
corrosion rate of titanium is reported as about 0.3
mil per year in either standard or alkaline brine.
Crevice attack is reported in standard brine {pH
7.5) at 225 F but not in alkaline brine (pH >12) at
208 F. The standard brine contains CaCla, MgCls,
and NaCl in solution, plus crystals of CaSO4 and
NaCl. The alkaline brine contains Na2SO4, NaoQ0¢,
NaOH, and NaCl plus crystals of NaCl.(10)

The effect of sodium chloride on the pitting
tendency of various alloys in H SO has been in-
vestigated.(11) The technique employed is to com-
pare standard electrochemical polarization curves
for conditions with and without additions of NaCl.
Studies in IN HSO4 at 77 F show almost no increase
in the corrosion rate of titanium with addition of
IN NaCl. Hastelloy C shows an increase in current
density of up to 10 times for salt addition. Type
316 shows up to 100 times increase and Type 304-L
greater than 100 times increase. These data support
the view that titanium is more resistant than many
other metals to pltting or crevice attack.

Figure 1 indicates areas of temperature and
concentration where pitting attack of titanium is
teporee? for calcium chloride and aluminum chlo~
ride.l6) The 0.2 palladium~titanium alloy is re-
ported to be re(ista?t to pitting in 73 percent
CaClp at 350 F. 312

Zinc chloride solutifns may also cause pit-
ting attack of titanium.(l

Ll i .1

.gnlnunannnn
ncentration, weight percent

TEMPERATURE/CONCENTRATION AREAS FOR
PITTING ATTAX OF UNALLOYED TITANIUM
IN CaCly AND ALC1y(6)

Sorxcsion Fatious

Recent studies show the excellent ctngucn
fatigue behavior of titsnium in seawater.(13
Figure 2 compares Ti-6A1-4V with several other
materials of construction on a density basis.
Table 6 compares the ratio of corrosion fatigue
strength to tensile strength £or the given mateiials,
The tests were performed by exposing the specimens
to seamater without load for 7 days prior %o fatigue
testing. ' A Sonntag SF=1-U fatigue machine was
operated at 1800 cpm with seawater coatinuously
circulated past the specimen at 2.5 to 3 gallons

per minute. . ‘ ’

Table 7 gives results of flexural fatigue
tests performéd in brackish Severn River water




8

Fatique strength fo density ratio
at siress ratio +.05 and Ky =1.0

8

Ti-6Al-4V

8
/

Tlnoonel 718

5456 - H32) Alumimorm cooted

-4130 Steel, coated

n

XK= Mone! —Cast 4330 Steel, cooted

8

Fatigue Strength fo Density Rotio, ksi/ib/in>

4

4130 Steel, uncoated

o Cast 4330 Steel,
uncoated
" 5456 - H32! Aluminum, uqcoohd
2x10% 0% o’

3x10"

Cyciles to Foilures

FIGURE 2. ODRROSION FATIGUE EFFICIENCY CURVES FOR VARIOUS ALLOYS IN SEAWATER( 13)

TABLE 6. CORROSION FATIGUE TO TENSILE STRENGTH RATIOS FOR
. SEVERAL MATERIALS(13)

-
F,

F Con'oﬁlon
unﬁm Fatigue
sl’onsno 20?'03'00; at Ratio,

trength, cles, | .
ial kad ks}

Masar Form k. l{:
Inconel 718 Wrought 181.0 86.8 0.48
Ti-6Al=4aV Sirought 144.% 65.1 0.4%
4130 Steel, coated Nrought 162.7 70.3 0.43
5456-H321 aluminum, Wrought 88.1 24.7 0.43
i

Wrought 159.4 ~61.0 0.9
Superaton 40 Cast 101.4 26,5 0.26
4330 Stesl, coated Cast 100.1 460 0.26
4130 Stes]l, uncosted Wrought 162.7 24.0 0.15
420 Nodifivd Cost 134.1 199 0.1%
Corrosion Re-
slatant Steel
1 Aluminue, Wrought 8.1 5.6 0.10
uncoa ted
10,1 15.0 0.08

4330 Steel, uncoated Cast

TABLE 7. RESULTS OF PLEXURAL !ATIG!{ T’STS AT
COMPLETELY REVERSED STRESS( 14,

Fatigue Strength
in Severn River

. Water ot 108 Cysles,
- Matarial . Gonditign®) ok
Ti-6Al-4V W 73,000
Ti-6A1-4V  WGPNC Coating 65,000
Ti-Gln-4Al W 81,000
Ti=din-4Al WGMNC Coating 80,000

{a) ¥ - wrought; WGPIC = western geer p!mph&oun-
nickel coating.: '

contu?in? 1/3 to 1/6 the salt content of ses-
water.l14] It is intevesting to note that the
nickel-phosphorus coating on titanium decreased
its ccrrosion-fatigue resistance. This coating
was employed to decrease the galling and sliding
friction af titanium to make it servicesble for
use as 8 propulsion gear in seawater. A contact
rolling test was also used to investigate the
pitting tendency of the pitch line of gear teeth
under load. No pitting wes reported but Ti-6Al-4V
and Ti-4in-4Al with or without the nickel-
phosphorus coating was badly worn.

Stress-Corrosion Cracking

Teble ¢ presents dats on studies with
Ti-6A1-4V stressed In seversl salt solutions as
well as other media at 75 percent of its yleld
strength r}t&twt fatlures in up to 1800 hours of
‘expusure.\ 13) In another proqrem, Ti-6Al-4V,
T1i-2.8A1-16V, T1-3A1-2.38n, Ta=4Al-3Mo-1V, ond
Ti-3A1-11Cr=13V were stressed to 75 percent of
‘yield for 1 yesr without failure in marine at-
sospheres or ugmm exposures at Kure Besch,
North Carolins.(15) Similarly, ss noted esrlier,

*T1=75A, T1~6Al=4V, Ti-3A1-2.9Sn, and Ti-3Al-11Cr-

13V have successfully withstood deep Pacific Ocean
exposures through 197 days under smsmdfuv :

B 79 percent of their yield strength.

. >1Il ﬂ;.‘M:-ucr;l:!csmn opiehom mutuud
n 1M soluticns o 1 1 03 » -{all
aerated) and Ne3S (nonunudg A t5 No fallures were
found in 172 days with heat-treated (200,000 psi .
yleld) bent-beam specimens stressed to 73 percent of

yield, No failures were found in 230 to 522 days
of exposure for U-bend specimens st 140,000 psi yleld.




U R ME A NSRS

EXPOSURE OF STRESSED T{-6Al-4V T? V?RI-
OUS ENVIRONMENTS WITHOUT FAILURE\1S

Exposure Time, hoyrs(a)
Heat
Treated,
A A d
Aerated tap water 1700 1700 750
Aerated 3X Nall water 1700 1700 750
Aerated 0.2% percent 1700 1700 750
sodium dichromate
solution
4 percent soluble oil 1700 1700 750
Trichloroethylene 1150 1150 1150
Cosmoline 1700 1700 750
Laboratory air - - 0
Seacoast 1400 1400 1400

(2) Bent-beam tests, speclmens stressed to 75
percent of yleld strength; yield strength,
annealed: 132,000 psi; heat treated and aged:
163,000 psi.

Stress was shown to be detrimental to an alloy
containing 5.5 to 6.7 Al and 1.0 to 2.3 Mn in NgClp
at 374 F, as discussed earlier.(5) With stressed
0T4-2 [T1-(%.5-6.7)A1-(1-2.3)Mn] specimens, cracking
developed in the base metal but not in the weldment.
This may be due to use of dissimilar (3Al-1.%Mn) weld
rod for these welds. In previous studies,(17) the
suthors showed that increised aluminum contents in
titanium alloys gave reduced resistsnce to cracking
when stressed in concentrated nitric acid. Evidently
the higher aluminum content of the base metal causes
corrosion under stress in MoCl, at 374 F.

Stress* was not found to be detrimental to any
of the three titanium slloys (i.e., VIl-1, OT4, and
0T4-2) tested in the soclutions shown in Table 3.

Stress-corrosion screening tests were per-
formed in water at %00 F on materials for steas-
generator tubing in nuclear power plants.(18)
Commerclially pure titanium U-bend specimens showed
no detrimental attack in the liquid or vapor phase.
Although high-purity water was used, 500 to 5% ppm
chloride as diluted synthetic seawater and 250 to
320 ppm PO4 88 discdium phosphate were added. The

pH was 23d)usted to 10.6 to i1.2 with NaOH. The oxy-

gen content wae 7 to 9 ppm (air saturation at room
temperature. ‘ .

~Laberatory and field tests of brine soluticns
indicate that titanium s an excellent choice for
oll-well 11£2 valves when compared with Mlonel,
nickel) J«5%, N=00, 9% Ni, and 316 stainless
stee1.(19) Titanium performed well in laboratory

tests using serated flulds and in fleld tests of
gas 1ift awlls. As shown in Teble 9, tests in sour

- crude wells showed titenium to be inferlor to norm-

ally used materials.  The electrochemical potentisi
of titenium in brine fros a Wharton Tevas

-] messured by & soturated calomel electrode

varied from 0.3471 to 0.3174 volt sfter 12 minutes.

Siress lmlsfwt disclosed.

TABLE 9. ERCST RROSION STULY OF r(mxuu IN OIL-WELL
LABRC “WICRY AND SERVICE TESTS! 19)

Exposure GCorrosion Rate, mpy

Velocity, Time, As
Environment ft/sec days Recelved Pollished
ASTM Brine, air - 2-3 6.0 -
saturated{s)
Crude oél and | - 2-5 0.0 -
brinelb)
West Texas crude 10 2 0.57 0.28
oil 40 2 6.7 1.3
3% NaCl + 20 percent 10 1-1/4 - 0.0
West Texes crude ofl 40 i-1/4 - 0.26
3% NaCi + 20 percent 10 1-3/4 - 2.1
Weat Texas crude oil 40 1-3/4 - 23
* 1.2 percent 150 to
200 mesh sand
Field Test, crude o}l - 23 - 0.0-0.01
and brine

(8) lspingement, 100 psi pressure differentisl; distance of
specimen from 1/64-inch orifice, 1/4, 3/8, and 1-1/2 inches

(b) lmpingement, 1%0 psi pressure differential; distance of
specimen from 1/16-inch orifice, 1 inchy from 3/64~inch
orifice, 1-1/4 inch.

Field-service testing of titanium shows many ;
areas where titanium should be considered for service.
Table 10 gives results of service tests in several
chloride solution environments. Note that, while
the titanium served well in many of these solutions,
it was not serviceable in 3% F 73% CaCly, NaCl brine.
with HOCl, or NaCl in chlorine cell orifices.

QORACSICN IN MINERAL ACIDS
Sulfuric Acld .

1}

General Corzosion

Unalloved Titanium. Titanium shows poor re-
sistance to sulfuric acid in concentrations greater
than about 5 percent. The corrosion rate at rowm
temperature is approximately linear with conzentra-
tions up to 20 percent n\’n the penetration {s
about 30 mils per year. At 40 percent HoSO4, the
corrosion rate shows » minor peak of about 80 mpy
and drops to 3 minimum at 60 percent acid. A major
corrosion peak of up to 600 mpy etration occurs
at 78 percent acid.{see Table umﬁo In 100
percent acid, the corrosion rate is cf the order of
100 mpy. In oleum, the corrosion decreases untll
8 rete of sbout 10 mpy is reached st 65 percent
vieum (wg).

At room temperature the corrosion of titanium
in Hy904 is slightly lower over the entire cone(n -
tion renge when purged with pure Oz, My, or Ha.(20

“At elevated temperature, the corrosion rate increases
“cotastrophically when deaerated ever at concentra- |

tions as low av 1 percent acid.(1) In bofling 1.
percent .cgd. the cerrcsion rate is 100 mpy or -
more.(1:22)

: The addition of small amounts of some saits -
to HoSO4 solutions decreases the attack of titanium
(see Table 12). MNote the effect of exposed surface
ares on the corrosion of titenium. ' _ ,

" In the processing of nickel-cobalt ores,
titanium is found to be one of the best meterials

R

in sulfuric acid solutions containing 1 wris N T
of dissolved salts and suspended mﬂ«%omr- :

nickel, iron, sluminum, megnesium, ond ‘
sulfates, in concentrations up to 1 percent by weight
o3ch, plus small amounts of cobislt, copper, sing,

The solutions contsin 2 to 9 percent free Ng¥04 with .

|

e
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TABLE 1C. FIELD TESTING OF TITANIUM EQUIPMENT IN CHLOWIDE SOLUTION ENVIRONMENIS(3)

Time of
Type of Service,
—Equiogent JIitanium Envizongent months ——Remarks
2 inch gate valve Cast 55% CaClo at 220 F 42 Excellent
3 inch schedule 5 pipe Wrought 55% CaCly at 270 to 290 F 8 Excellent
3 inch schedule 5 pipe Wrought, 55% CaCly at 270 to 290 F 8 Excellent
TL +
0.2% Pd
Vertical filter press leaf- Wrought 55% CaClp at 230 F 9 Excellent
wire mesh separation
2=inch heating coil A-55 62% CaCly at 310 F 36 One small pit after
1 year. Some pit~
ting sbove liquor
level when test
stopped
1/4 inch Thermowell Wrought 73% CaCly st 350 F 9 days Falled
Nipple Wrought Trested filtered 310 gpl 24 Excellent
NaCl brine
Heat exchanger Wrought 310 gpl NaCl brine, pH 4 10 Excellent
Nipples (2) Wrought 310 gp: NaCl brine, pH 4 10 Excellent
Nipples (6} Wrought KC1 brine 28 Excellent
Level indicator Wrought NaCl brine, pH 2-4 1% Excellent
Bolts on inside flanges of Wrought Acid brine 24 Apparently okay
spargers
Nipples (8) Wrought NaCl brine 10 Excellent
14 inch orifice A=35 310 9p) NaCl, pH 4 48 Excellent
Orifice A-70 310 gpl NaCl 48 Excellent
4 inch orifice Wrov ht 310 gpl NaCl 36 Excellent
10 inch orifice A=70 310 gpl NaCl, pH 10-11, 48 Excellent
130 to 160 F
6 inch crifice A-70 340 gpl KC1 28 Some corrosion and
etching at inner
edge of gesket
6 inch orifice (2) A=T70 340 gpl KC1, pH 5.2, 160 F 36 Excellent
3 inch orifice A=70 275 gpl NaCl. pH 1.13 24 Excellent
Orifice Nrought Depletnd NaCi brine 4 Excellent
Thermowel) A=50 NaCl brine, HOCl, 0.0% to 48 Excellent i
9.130 gpl, pH 4 7
Thezmowell Wrought NaCl brine, HOC1l, 0.0% to 2 Excellent
0.1% gpl, pH 4
Thermowell Wrought NeC) brine, HOCL 12 Falled st weld :
Thermcwell (2} A-33 300 gpl NaCl, pi 10 48 Excellent
Thezmowell A% 340 gpl KC1 . 36 Excellent
Thermewell (2) A-35 300 to 320 gpl KCl, pH 10 to - 38 Excellent
10.4, 145 @ 160 F >
Thexmowel) A=35% KCl, 340 gpl, pH 9.2 % Excellent o
Thermowell (3) Nrought Acio MaCl brine, ph 2 24 Excellent
$tem on level control - Wrought 4oC) brine F 44 Excellent
Chlorine cel) feed orifices Wrought NeCl brine Jtod PFatledinl 02
weeks at one plant,
3 %0 4 months at :
_ . other plant
Titenium electrodes in KCI Srought Strongly allaline, week 18 Bxcellent !
smp tank KOC1 solution : ’ » t

TAME 11. CORROSION RESISTANCE OF SEVERAL MUSSIAR ALLOYS IN SULRURIC ACIDA&«ZTT

Alley

V1 (unalloyed)
15 (Ti-0A)

VI3-1 (T1-4.8A1-200=1W0)

Vi3 (Ti-5A1-2.5Cr)

Unell
110,
- Ti-ad
Ti-19
‘TielGt0-). A
Tieltlle~20d
Ti=-15%Ce
T1=18Ce=0.1d
Ti=18Ce-200
Ti-3N
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TABLE 12. EFFECT OF ADDITIONS ON CORROSION OF TITANIUM

Acid ‘ ¥
Concen~ ) Tempera- " 4
tration, Alditions " ture, Corrosion, 1

Kind percent Material Percent E_ ‘ moy . Reference 3
- b
HoS0, 5 Zirconyl sulfate 3 to 4 90 1 (23)
. {air saturated) ]
Na5S0y 8 ; e |
Cra(S04)5 3 | .
H,S04 5 CuSCy . 0.25, 0.5, 1.0 203 0.4 (6) i
H,S504 5  CusSO, 0 203 3 (6)
H3S0, 30 CuS0, 0.2 100 2 (6)
H2S04 30 Cusog . 0.5 100 4 (6) ,
HpSC4 30 - CuSOg 1 ‘ 100 0.8 (6) i
HoSCq 30 CuS04 1¢ 100 16 (6) .
H,S0, 30 Cus0, S 0.28 203 3 (6) 3
H5S04 30 © CuSO4 0.5 203 30 (6) B
HoS04 30 " CuS04 1 203 30 (6) F:
" HpSO4 30 Cus04 10 203 24 (6)
H,50, 10 FeSO04 2¢/1(a) Boiling  <5(b) (n
HoSC4 20 Fe+t, Curt 16g/1 Boiling <5(b) (7)
H,S0, 17 % 504 "7 to 8 140 <5 (7)
H3S0; 30 Cus0, - . Boiling  12(€) (24)
HoS04 30 . Cus04 1 Boiling 62(d) (24)
“HCL 5 - - 100 13 (6)
HC1 - CusO4 ' 0.05 100 1.6 (6)
HC! > - 0uSO4 0.5 : 100 3.5 (6)
HC1 5 Cus04 1 100 1.2 (6)
HC1 b CuSL. 5 100 0.8 (6)
HC1 LY CuS04 0.0% 200 3.5 (6)
HCL 5 CusO4 0.5 200 2.4 (6)
HC1 < CuSCy X 200 2.4 {6)
HOL 10 fom - 100 40 (6)
HCL 10 CuSO,4 0.5 100 0.8 (6)
HCl 10 CusO, 1 100 0.4 (6)
HCL 10 CuS0, 3 100 0.4 (6)
HClL - 10 CuSO4 5 100 0.4 (6)
HC1 10 CuS04 0.5 200 3.9 (6
HCL. .10 Cus04 1 200 L (6
HC1 10 CuS04 3 200 5 (6
HCl 10 Cus0, 5 200 ) (%)
HCL 5 Cr04 0.% 100 0.4 (6)
HC1 5 Cr03 1 100 0.3 (6)
HC1 5 - Cr0, 0.% 200 1.2 (6)
HC1 5 Cr03 1 200 . 1.2 &6;
HCL 5 HNO3 1 100 0.4 6
HC1 8 HNOo ) 100 0.4 6
HC1 5 HNO3 0 100 0.4 6
HCl % 7 HNO, 1 200 4 16)
HCl 5 HNO3 5 200 4 (6
HC) 3 HNO3 10 200 8 (6
HCL 10 Fert impuritios - Reom <3 57)
HCL 10 ' CuSOg 0.0% 40 »(b) 7)
HC) 10 CuCly 169/1 Botling  <s(b) (7)
HCL 2 Surt 9.2¢/1 Room <52b) . (1)
HC1 37 Cu++ . .2¢/1 Room <(b) (1)

(a) Gram per llter., —

{b) Greater than 30 mpy in pure acid.
(c} Specimen area 16.08 in.< in about 200 ml solution.

(d) Specimen area 1.32 in.2 in about 80O ml solution.
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and hexavalent chromium. Above 300 F, titanium is corrosion occurred in the vapor phase of the (35)
the only metal or alloy found satisfactory. Ti- vessel where the applied current was ineffective.
tanium is also used for valves in 500 F solutions
of 1.5 to 2 percent acid, 10 percent dissolved Stress-Corrosion Cracking ¥
nickel sulfate, and up to 40 percent susp2anded ﬁf ‘
solids. Recent studies have shown that stress has a )
detrimental effect on the corrosion resistance of .
The resistance to pitting for titanium ex- a titanium alloy in sulfuric acid, as well as in ;
posed to HpSO4 containing NaCl is described on hydrochloric acid.(37) Unalloyed titanium and
page 12, Ti-5A1 were exposed under stress to sulfuric acid
of 7.3 to 70 percent concentration. In Ti-5Al,
Iitapium Allovs. Most titanium alloys are brittle failure was promoted by small stress at
less resistant to sulfuric acid than unalloyed low corrosion rates. Ti-5Al was found to fail
titanium. The major exceptions are the titanium- brittlely with the formation of a large quantity
ncble metai alloys, which are consederaplv Tpre of cracks aleng its entire length, in 7.3, 12.9,
resistant tnen unalloyed titanium.\6:7si<,41 and 60 percant HoSO, at stresses of up to 102,000
Table 13 gives corrosion rates for several alloys pst (76 percent of the ultimate tensile strength).
i in sulfuric acid. Data for several Russian alloys Microscopic examination showed considerable amounts
are given in Table 1l. of hydride precipitate, chiefly along the slip
5 planes, and partially in a direction perpendicular
» Tables 14 and 15 given corrosion rates of to that of applied external stress. The stress
4 zirconium-titanium and zirconium-titanium-tantalum apparently promotes the penetration of hydrogen
E alloys, respectively. In general, little improve- into the metal, to form hydrides and cause brittle
o ment in corrosion resistance of titanium to sul- failure.
i furic acid occuri uytil 50 percent or more zir-
' ¥ @ conium is added.l29) The addition of 5 or 10 Bydrochloric Acid
PN percent tantalum to zirconium-titanium (1:1 ratio)
] j gives only slight improvememt in corrosion re- General Corresion
sistance. Tan*alum alloys with up to 40 to 50 per-
cent titanium additions show corrosion rates of Unalioyed Titanjum. Titanium is severely
less t?an)5 mpy in boiling 5, 30, or 60 percent attacked by HCL except at very low temperature
}2S0,.\3)  For the alloy S0Ti-35Ta-13Cb, the and low concentration. Concentrations much above
corrosion rates in boiling 30 and 60 Perctgg)ﬂzs°4 S percent >ttack titanium even at room temperature.
were 3 and 8 mils per year, respectively. At 1%0 F, corrosion rates increase rapidly above

a concentration of 1 percent, whereas in boiling
The benefit of additions of noble metals to solutions, even 1 gercont HCl rapidly (>100 mpy)
titanium in promoting resistance to stca solutions attacks titanlum.( +2:22) The addition of certain

is shown in Tables 2, 11, 16, 17, 18, and 19. salts, however, does reduce the attack of HCl on
titanium (see Table 12). Similarly, the addition
Galvanic Couples of certain metal ions also reduces the attack of
! : HC1 on titanium, as shown in Tables 23, 24, and
Tables 20 and 21 give reported corrosion 25, Figure 3 compares the effect of metal-ion
rates for titanium when coupled to 8 second metal cencentration on the change of the corrosion po-
in sulfuric acid. Only coupling of titanium to tential of titanium. Note that a concentration of :
24 the noble metals (including iridiun, platinum, - copper of more than 10=5 moles per liter greatly j
palladium, and thodium) is found to reduce the increases the potential of titanium, thus lowering ‘
corrosion of titahium to a satisfactory rate in  4ts corrosion. Copper is known to be an effective . |
4 briling 0.6 and 38 HySO, (see Table 21). inhibitor in HCl solutions. |
In helium saturated HyS04, coupling to Iitanium Allcys. In genexal, alloys of
vanadium reduced the attack on titsnium from 3.2 titanium show the same or reduced resistance to
when uncoupled to 0.0 mpy in 95 F, 0.IN H&, HCl, es shown in Table 13. However, several
end from 22 to 0.1 mpy in 93 F, 2N HaS0,. noble-metal alloys of titanium, such ss palledium,
Venadium reduced the rate from 60 to 0.0 mpy in. platinua, and molybdenum, have considersble
serated 33 F, M "3?3' The corrosion of titanium zesistance to HCl in rather severs conditions of
is nil in serated » 0.1N Hy804 coupled o temperature snd concentration (see Tables 2, 16, 17,
uncoupled. © 19, and 26). Tantrlum ldditsssn also increase the
y - HGl resistance of titanium.\: For instance,
Ansdic Pretaction : & binary Ti-25Ts alloy has & corrosion rate of
i » only 2 mil per yesr in boiling 3 percent acid.
Titanium can be protected during service in In boiling 20 percent acid, an addition of D0 per«
sulfuric scid by applying sn snodic (positive) cent tantalum or more is required for similer »
potential (735,36} (See Table 22.) A potential resistance. - o N ‘
of 2.9 to B volts reduced the corrosion of titanium . : : R |
from 100 to ! mpy in 40 percent Hy80, at 140 F. "~ However, sume n—g alloys becamw brittle ‘
Protection whe slso meintained in €0 percent acid attor exposure to HC1.(30) This embrittlement
at 194 F. However, cere must D taken to was greatly allevisted by centect with small areas
* insure that the titanium 1s ccepletely covered of noble metals, or by addition of 0.2 t0 0.5
by liquid so that the spplied curzent can reach platinum to the alloy. An alioy of 15 percont
sll areas. 1In » titanium heat exchanger for hot = columbium, 35 percent tantalum, snd 50 percent

sulfuric acid sexvica in a reyon process, severe titenium slloy hed a corrosion rate of sbuut 3
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TABLE 13. CORROSION RESISTANCE OF TITANIUM ALLOYS(28)
L = —
Corrosion, mils per year
-2 E Alr Agitation =~ _93F No Agitation _190 F, No Agitation
HoS04 HaS04 HCl HoS04 ____HCL
Allov 5% % 5% 5% 5% 5% 1% ¥

T4 (75 BN)(a) 56 Y J— 450
Ti (120 BHN) {b) . - 250
T1 (180 BHN) 10 . - . 570
Ti (200 BHN) 8 -— 560
Ti-8Mn (annealed) 17 . 29 880
Ti1-6A1-4V (annealed) 45 32 ] - 870
Ti-6A1-4V (aged) 27 27 850
Ti-5A1-2.5Sn (annealed) 44 37 1230
T1-8A1~2Cb-1Ta 37 . 15 650"
(annealed) ‘ .
Ti-2.5A1-16V (solution 0.7 5 590
treated)
Ti-2.5A1-16V (aged) 24 . 660
Ti-1A1-8V-5Fe (b) 890
{annealed)
Ti-1A1-8V-5Fe (aged) (b) .3 950
Ti-3A1-2.5V (annealed) (b) .1 . 670

(a) BHN = Brinell hardness number.
{b) Erratic.

' TABLE 14. OORROSION RESISTANCE OF ZIRCOMIUM-TITANIUM ALLOYS IN SULFURIC ACID(29)

140
140
200
220

. s
W N W

360

D

Corrosion Rate, mils per yea ar{a) —
104 F J40 F 212 F

(03
40X 75% 94X S 108 20X  40% 60 7% 40% 5K 10X _40%__ 75%

Nil 590 Nil Nil Nil Nil Nil ] Nil 0.4 Nil Nil
Nil 1200 Nil  Nil Nil Nil Nil Nil 0.3 Nii 70
190 1100 Nl Nil Nil Nil = Nil 2.7 16 210
270 990 0.9 Nil Nil 105 1.1 2.3 45 -
230 460 0.9 N Nil - 4 5 200 -
360 %20 0.8 3 2 - 12 36 - -
700 600 1.3 1.9 60 410 38 38 - -
6%0 410 2.3 20 60 260 27 110 - -
700 190 7 34 9% 4l 100 - -
810 188 7 3% 440 3% 3%0 -- -
820 72 11 110 Sl 7.0 - -
780 64 1% - : 280 830 - -
7% 6l 12 1% 950 950 1070 - -

8) Based on reported weight losses and estimated alloy densities.

TABLE 15. CORROSION RESISTANCE OF ZIRCONIUM-TITANIUM=TANTALUM ALLOYS
IN SULFURIC ACID(29)

o]
gt

90
80
70
60
50
40
30
20
10
-3

$8883388885, !

1.9 1.3 700 38 38
8 418 5 06 0.6 1.1 1m0 130 1
4 4 10 05 1.0 1.0 - 1% 10 0.4 460

!u) Based on reported weight losses and estimated alloy densities.

TABLE 16. EFFECT OF PALLADIUM ADDITION ON CORROSION OF TITANIUM IN ACID(6)

Materia)

Titanium ;
Titanium , 0.8 3%
- TL + 0.150d ) - 7.5 Rl 0.1




EFFECT OF VARIOUS ALLOY ADDITION

TABLE 17. OSI
(ORROSION RESISTANCE OF TITANIUM\31
Weight Loss in 24 Hr,(a) mil/yr
, Boiling H,SO Boiling HCl
Composition 1% 2'1_0-§ 3% 10%
Titanium 460 3950 - 242 4500
Ti + 0.064% Pt <2 145 <2 128
Ti + 0.54% Pt <2 48 .3 120
Ti + 0.08% Pd <2 166 3 100
Ti + 0.44% Pd 2 45 <2 - 67
Ti + 0.1% Rh <2 26 5 96
Ti + 0.5% Rh 3 48 <2 55
Ti+ 0.1% Ru 3 187 5 280
Ti + 0.5% Ru <2 48 <2 113
Ti + 0.11% Ir <2 359 3 120
Ti + 0.60% Ir <2 45 3 88
Ti + 0.10% Os 5 480 3 1820
Ti + 0.48% Os <2 82 3 208
Ti + 0.11% Re 235 - 345 -
Ti + 0.36% Re 9 - 30 -
Ti + 0.11¥% Au 1050 - 1500 -
Ti + 0.48% Au 3 - 9 146
Ti + 0.04% Ag 500 - 334 -
Ti + 0.34% Ag - - - 4850
Ti + G.17% Cu 470 - 340 -
Ti + 0.44% Cu 660 -- 550 -
(a) The possible weighing error of these tests is
2 mil/yr.
TABLE 18. EFFECT OF O AND Hp ON CORROSION RESIST-
ANCE OF TITANIUM AND TITANIUM ALLOYS IN
ROOM TEMPERATURE 20 PERCENT HopS04(31)
AR
Weight Loss,
Alloy Gas mil/yr
Titanium 0o 4(2)
Hg 29
Ti + 0.37% Pt 03 <2(b)

<2
<2
<2

Za; Passive during most of test.

(b) The possible weighing error of these tests is
+2 mil/yr.

Ti + 0.44% Pd

TABLE 19. EFFECT OF Pt AND Pd ALLOY ADDITIONS ON THE
CORROSION RESISTANCE OF TITANIUM IN QXYGEN-

FREE Hp804 AND HCL AT 190 C (374 F)(31)

-————m——
1% 1

818 -
<2 <2 3.4 Diss
@ <& 33 1us8
<2 <& 3.5 Diss
@ @ 50 120

Compotition

Titanive

T + 0.03% Pt
TL + 0.29% Pt
T4 + 0.08% Pd
TL + 0.44% Pd

3%
2%
<

<

M
{a) One-period tests, 44 to 64 hr durstion. The possi~
ble weighing error in these tests is 42 mil/yr.
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TABLE 20. GALVANIC OOUPLING OF TITANIUM TO VARIOUS CATH-
ODIC MATERIALS IN BOILING HpSOa{32)
Corrosion Rate, mpy

Area Ratio, Boiling Boiling

T to - Boiling 3% HpS04 + 5% HoS04 +

Couple Cathode 1% HnS04 5% NaoS04 5% NapSOg4
Ti - 450 580 930
Ti-18-8 1 0 - -
2 3 - -
6.6 2 - -
Ti-Hast 1 0 - -
F 12 0.6 - -
Ti-C 0.2 0 0 1150
0.5 - 0 -
1 - 380 —-—

Ti-Pt 0.25 - . 6.7
1 - - 21
2 - - .21

4 - - - 35
35 - - 540

TABLE 21. CORROSION RATES, MILS PER YEAR, OF TITANIUM IN
BOIL H?SO.Q AND HC1 WHEN COUPLED TO VARIOUS

METALS(33
Coupling 0. 6M Ceupling H Coupling M.
Metal HoS0,4 Metal HyS0,  Metal HCL
Ag 2300 to 10,000 Ni 1940 Sb 2200
v 2300 Pd 1820 v 2000
Au 2100 Au 1790 Qu 1970
Qu 2070 Cu 1790 Ag 1970
Sb 1750 Fe 1670
Fe 1620 Ag 1590 Pb 1340
. . Sn 1180
Ni 1400 Rh 1270 Fe 11%0
Co 1400 Pt 1110 - 1In 9%
Pb 1180 In 1100
Pd 11%0 Co 840
Sa 1020 Pb 840 B 820
B 810 Cd 800
By 960 Sn 800 Al 740
Cd 860 Ni 660
Zn 830 Ir 0

70 Au
0 Pd

0 Rh
0 Pt
Ir




TABLE 22, RESISTANCE OF TITANIUM TO REDUCING ACIDS WITH CONTINUOUS ANODIC
PASSIVATION(7)

TN

Potential Corrosion Rate Factor by
Tempera- Versus Hy With Applied Which Rate

Acid - ture, Scale, Potential, @ of Corrosion
w/w percent F volts is Reduced

40% Sulphuric Acid 140 ‘ 11,000
40% Sulphuric Acid 194 396
60% Sulphuric Acid 140

60% Sulphuric Acid 194

80% Sulphuric Acid 140

37% Hydrochloric Acid, 140

conc

60% Phosphoric Acid 140

60¥% Phosphoric Acid 194

50% Formic Acid BP

25% Oxalic Acid 194

25% Oxalic Acic BP

20% Sulphamic Acid 194

TABLE 23. CORROSION RATE OF TITANIUM IN 15% HCL
WITH Pt, Cu, AND Fe IONS(38)

Concentration Corrosion
Cations of ‘Additive, Rate,

—Selution Added _ gm-jons/} x 1076 _ moy
EFFECT OF FOUR~-VALENT TITANIUM ON CORROSION

18 RATES OF UNALLOYED TITANIUM IN VARIOUS
19 SOLUTTONS(8)
22 x
0 Ti*t4 Concen- Corrosion
19 tration,(8)  Tempera- Rate,
25 " Solution grams/1iter ture mpy
23 15% HoS04 + 0.1} Boiling  About 20
o 4% Cus04 0.44 0.9
0.66 Ni1 (positive
gf weight gain)
443 10X HC) 0.5 Spec. dissolved
o] 10X HC1 1.0 Nil (positive
weight gain)
15% HCl +  .None - 226 20X HCL 2.68 Spec. dissolved
0.8% NaF Pté 0.5 23,600 5.76 Nil (positive
15 24,700 weight gain)
%0 23,000 2.9
0.4

TABLE 24, EFFECT OF METAL CATIONS AT 10™M ON THE Nil (positive
CORROSION OF TITANIUM IN BOILING 2 Hc1(33) weight gain)

6320
Corrosion Rate, ot :ﬁo( positive

ppy weight gain)

680 8) A TLY4 fon a8 such is not cons to exist in
1000 aqueous solution.

1500
1300
800
- 800
920

None
Fe¥*

cu2t

40
50
80
5
10
20
30
40
0
0
1
2

Nl
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TABLE 26, CORROSION RESISTANCE OF TITANIUM ALLOYS IN Hei(21)

Corrosion in HCl, mils per vear -

Boiling 64 F
Alloy 1% 3% 5% 15% 20% 25% 30%

Titanium 410 1870 3400 70 200 480 740
Ti-0.1Pd 50 180 390 0.8 19 40 90
Ti-2Pd 12 - 40 Nil 1.5 4
Ti-15Mo 50 180 500 Nil 100 120
Ti-1%Mo~0.1Pd 30 50 60 Nil Nil 20
Ti-15Mo-2Pd 9 - 17 Nil Nil Nil
Ti-15Cr 1530 2600 100 370 650
Ti~-15Cr-0.1Pd 30 70 110 4 20 26
Ti-15Cr-2Pd 6 - 9 Nil Nil 4
Ti-5Pd - - - Nil 1.5 15

Anodic Protection

Titanium can be protected ip HCl solutions
by suitable anodic currents.(7,36 For example,
anodic protection of titanium is possible in 37
percent HCl at 140 F (see Table 22).

Stress-Corr n C n

Titanium has been known to be susceptible to
stress-corrosion cracking in 10 percent HCl.
Failure was reported for Ti-5A1-2.55n stressed to
90 percent of the proportional limit in 95 F acid,
(see reference 39). Recent studies have shown
that a Ti-5A) alloy suffers brittle fallure in 5,3
and 10 percent HCl (as well as HyS0,4 solutions) .(37)
Both VI-1 (unalloyed titanium) and VI5 (Ti-5Al),
welded and unwelded, were exposed to HCl solutions
at various stress levels. The time to failure was
found to vary with the stress level, as shown in
Figure 4.

%

POTENTIAL

€ 8 4 3 - -4
LOS  CONCENTRATION W MOLES\L.
FIGURE 3., THE EFFBCTS OF EIGHT METALLIC CATIONS ON (s
THE POTENTIAL OF A TITANIUM w '
BOILING 24 MYDROCHLORIC ACI

mil per yesr in boiling 20 percent HCl. Substitu- okl 1 | ) Ll daJ
tion of more than 19 percent columbium for tenta- 20 40 @0 80 0 190
lum csused a rapid incxease in the rate of attack. «

' FIGURE 4. EFFECT OF STRESS ON TIME TO FAILURE OF

The coxrosion of titanium in 'bouzng M HCL . wu.wtln(;,x, ANIUM AND ‘u‘-_w IN HC)

when coupled to various metsls is shown in Table : SOLUTIONS -

21. Only the noble metals reduce the attack on , t HCL.
Unelloyed Ti in 10 percent HCl
Welded Ti=3A1 in 10 percent HC1
Welded T{ in 10 perxcent HCl.
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Brittle failure occurred in Ti-5Al and was.
promoted by small stresses and low speed of cor-
rosion. Cracks were formed on Ti-5Al in 5.3 per~
cent HC1 at stresses as high as 102,000 psi (76
percent of the ultimate tensile strength). Micro-

- scopic examination showed a solid greyish blue hy-
dride layer.

It is believed that stress on the Ti-5Al alloy
promoted the penetration into the metal during ex-
posure to HCl solutions. The precipitation of
titanium hydrides then occurred chiefly along the
slip planes and partically in the direction per~
pendicular to the applied stress. Failure then
resulted in a brittle manner. Welded samples
failed more quickly.

Eleld Tests

Titanium nuts and bolts show good resistance
in a varlety of hydrochloric acid fumes, as shown
in Table 27.

Qther Halogen Acids

Titanium is attacked very rapidly by hydro-
fluoric acid, even in low concentrations (see
Reference 2).

No attack on titanium is reported in boiling
10 percent hydriodic acid and little attack is
indicated in various concentrations of hydrogen

bromide at high temperature.l!
Nitric Acid
Senexal Corrosion

Titanium is quite resistant to nitric acid
at all concentrations and up to the boiling point.
Titanium heating colls are tase? commercially for
70 percent acid at boiling.(40) Under the heat-
transfer conditions used here, titanium was more
resistant than mtnY of the other metals tested
except zircontumi4l) (see Table 28).

The resistance of titanium to chemical at-
tack is believed ‘to be related to the precipite-
ticn of tetravalent titanium, Ti*4, (o fgfn :
protective TiO, film on the surface.l24:8) Thus,
even in highly oxidizing boiling 70 percent nitric
aci<, the corrosion rate of titanium decreases with
tine and with increasing ratio of ares of titanium
to volume of acld (see Table 29),

The effect of temperature on the nitric acid
resistance of titanium is shown in Table 30, Note
that the corrosion seems to reach & minimum gt a
temperature near 480 F, However, & considerable
variation in corrosion rates was noted with change
in ssmple ares to acid volume ratio,\22) as
previously discussed.

A titanium +0.1% percent palladium slloy is
reporied to have about the same corrosion re-
sistance as unalloyed titanium st the bouine
point in 20, 50, and 65 percent nitric acid. ()
The corrosion rates of titanium-zirconium alloys
in 98 percent nitric acid at 212 F are shown in
Table 31. Alloys of titanium with 20 and 30 per-
cent rolybdmn have poor resistance to nitric
0c1d.(6)  Corrosion rates of 150 to 500 mil per
year woulc be expected in boiling 19 and 60 per-
cent acid. . ,

14

The corrosion of several titanium alloys
with palladium, molybdenum, and carbon in hot
65 percent acid saturated with metal nitrates is
shown in Table 32.

Stress-Corrosion Cracking

As noted above and in Reference 2, titanium
has low corrosicn rates in both white and red
fuming nitric acid.* However, titanium suffers
severe stress-corrosion cracking and/or pyrophoric
reaction in dry red fuming nitric acid. Water
addition of 1.5 to 2 percent inhibits this reaction.
The current military specification of 2.5 0.5
percent water in red fuming nitric acid is safe
for use with titanium. The 0.6 percent addition
of HF added to inhibit attack of stainless steels
and aluminum increases the corrosion attack of
fuming nitric acids on titanium.

Phosphoric Acid

Titanium shows behavior in phosphoric acid
similar to its behavior in hydrochloric acid.
However, its passive range extends to about 30
percent HaPO4 at room temperature.(l Titanium
corrodes less than 1 mpy in 30 percent acid at
95 F, 5 pfr;ent acid at 140 F, and 1 percent acid
at 212 F.{2) At the boiling point, titanium is
rapidly attacke? even in dilute acid (10 mpy in
1 percent acid. 22) »

Table 33 gives corrosion data for zirconium-
titanium alloys in phosphoric acid.

Titanium can be anodically protected in 60
percent acid at 140 F (see Table 22). Table 34
compares the corrosion resistance of titanium,
zirconium, and titanium-zirconium alloys at various
applied potentials in H3PO4 and HNO; mixtures.

Mixed Acids

Titanium shows good resistance to mixed
oxidizing acids. Table 3% presents data for mix-

tures of HNO3-H,S04.

In a boiling solution (about 230 F) of M
HC1-3M HNO3, titanium shows excellent resistance.(42)
This solution is used in a nuclear fuel recovery
procese known as "Darex" for dilute aqua regia.

Even with actively dissolving Type 304 stainless
steel, the corrosion rate of Ti-43A and Ti-6Al1-4V
is less than 0.2 mpy. :

In the "Zircex" process (for dissolution of
zirconium=clad fuel elements), titanium showed
little attack in laboratory studies with bonir‘rg
0.5 + 0.4 UC12 or M HNO3 + 0.4 UCly.(42)
Titenium is attacked in snother ‘stap of the process;
that of bolling azeotrepic (6.1M) hydrochleric
acid. Bubbling of nitrogen dioxide through the
solution reduced the sttack of titanium to & very
low rate in both the liquid and the vapor phase.
Chiorine gas reduced the attsck similerly, but
only in the vapor phase. Nitrous oxide, nitric «
oxide, and nitrosyl chloride give no inhihition.(42)

T HLI1tary Specifications ‘
White fuming HNO3 ~ 97 percent Min HNO3, O to
0.013 percent W02, 2 percent Max .

Red fuming HNOy - 82 to 89 percent s 144

1 percent NO2, 2.3 & 0.5 percent H0.
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TABLE 27. FIELD TESTING OF TITANIUM EQUIPMENT IN HYDRYCHLORIC ACID ATMOS-

PHERE(3)
Time in
Type of Service,
Equipment Titanium Environment _months Remarks
Nuts and bolts on manhole Wrought HC1 fumes and 30 Excellent
cover on hydrochloric spillage
acid tank car
Nuts and bolts, muriatic A-70 HC1 fumes 40 Excellent
acid absorber system
- Capscrews for securing Wrought HC1 fumes and 15 Excellent
seal on muriatic acid spillage
loading pump
Bolts for securing seals Wrought HCl fumes and 36 Excelient
to muriatic acid load- spillage
ing pump

TABLE 28. VAPOR-LIQUID CORRCSION OF VARIOUS ALLOYS IN 65¥ HNOj USING PRESSURIZED INTERFACE HEAT TRANSFER unit(4l)

[rp—"

Heat Fluxl®) Cooling(e)
Heat Flux Immersion ~Control Iamereion. ___Control Vapexr
Gauge Tempers-~ Tempera- Tenpers~- T T8~ T 3=~
Metal Press ture, C MPY ture, C ___MPY ture, C ___ MPY &: c MPY t;_z:j . 4
321 8§ 45 138 107 140 142 122 21 27 23 126 23
304 S8 15.0(a) 160 3,400 170 3,3% 143 569 151 2,370 - 303
309 §§ 13.0(2) 162 107 176 106 142 34 149 - 2
310 §§ 8.5 47 33 146 & 126 1l 138 14 133 13
Inconel 6.0(b) 152 9,800 153 10,700 126 .} 13% 18,100 13 1,100
Multimet 6.9 142 36 143 42 124 17 129 17 7 23
Haynes Alley 28 xs.o( ) 196 149 160 18 132 67 141 72 136 8
Hestelloy Alloy € 7.313 168 4,500 147 2,400 129 863 13% 2,600 118 408
Titanium 30.0(¢c) 201 2 25 2 170 18 181 2 i74 1
Zirconivm 0.0ld) M alHd 1w alf) e alf) e ) e alf
(a) Estimated pressure. T —

b) 18 hour exposure.
€} 48 hour exposure.
(d) 72 hour exposure.

éo; Temperature reported is for 1iquid phase ares of specimen, vepor phase temperstures run 2 to 10 C hotter.
f) Actually <0.1 mpy.

TABLE 29. VARIATION OF CORROSION OF UNALLOYED
TITANIUM IN BOILING 70% NI BX-

POSED AREA AND LENGTH OF 8,24)
Saple Axea o Exposure 'Oo ton Re
Solution Volume, - Peziod, rrosion Rate,
8q in./1iter e ailsfyr
05andd Q '
’ B 18
30 : w1
1% o a e
20 : 0.5
M0 mi

i it e teraniz

SRR T Y

oo PR S v - ik
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TABLE 30. CORROSION RATES OF TITANIUM IN NITRIC ACID AT HIGHER TEMPERATURE(6,22)
P T

Corrosion Rate, mil/yr, at Indicated
Temperature, Concentration, percent

F 20 50 70 98 Reference

95 . . . (6)

212 . . . . (6)
Boiling - (22)

(212 to 250 F)

374 (22}

392 (6)

482 <1 < (22)

554 . 14 45 (6)

TABLE 31. OORROSION RESISTANCE OF ZIRCONIUM- TABLE 32. CORROSION OF TITANIUM ALLOYS IN
TITANIUM ALLOYS IN 98 PERCENT SOLUTIONS 65 PERCENT HNO3 A{ ?10 F, SATURATED
OF NITRIC ACID AT 212 F(29) IN METAL NITRATES(3

Alloy Composition, percent Corrosion Rate,

Zr Ti mpy Corrosion Rate,

mpy

100 :ﬁ NiL
Nil

N 0 0.03
12 3
- 0.6
12 24
13 .
0.3
9.3 53
34 . : 9-3
38 .
14
1.5 .
95 0.8 .
100 0.8

St S S

[ABLE 33. CORROSION RESISTANCE OF ZIRCONIUM-TITANIUM ALLOYS IN PHOSPHORIG ACID(29)

b4
(34

883388885 u 1

90
80
70
60
50
40
30
20
10

5

R

Mm.hnum.m_mx( )
G8 F JOA F " 212 F
20X 40X 60X 60X 20X 40X 60X 60X 20X 40X

NIl NIl Nil 1.6 NiL 0.3 16 NiL 1.1
Nl N1 05 4 N1l 1.1 Nil 2.7
Nl NI 2 2.2 Ml 1. 1 10
Ml 11 2.8 9 0.5 11 23 10
Nl 18 4 12 1.2 18 180
04 346 6 12 4 QW
19 4 6 13 ¢ Bt 870
20 71 ; 13 7 A 930
7
2
2

g
aad

B YU T - 10 14 T 9%
S ¥ SRR . -1l 14 . - 9%
100 0.7 2.3 3 3 3.8 3l ) ) 1300

(a) Based on nportod welight losses and estimated alloy densities.

TABLE 34. CORROSION RESISTANCE OF nmnn.zxmnu AD ZIRCONIUM-
o TITAIIUM ALLOYS IN cmmucmnnmmn
DEFINITR 2

H3PO44 . 'HWN03,  Potentlsl o ‘ ﬁhi,

percent percent  EH,v ir T Alloy

lisssagsassss r
SBIBEBEBES . |

88 - 0.2 gein 1600 (7
™ 0.2 +0.1 9 1109 - 22
8 . 03 04 o 2% 10
o 8.0 0.7 gatn O
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TABLE 35. OCRROSION OF TITANIUM IN MIXTURES OF
NITRIC AND SULFURIC ACIDS(6)

Concentration,
Dbercent 0830
HNO3 Ho804 95 F 150 F
100 0 0.3 0.1
90 10 0.3 0.5
50 50 1.4 16
20 80 10 80
10 90 10 10
5 95 3 80
0 100 230 400

A comparison of several metals and alloys
in various fuel-processing systems is shown in
Table 36.

Titanium has also been examined for use in
the Zirflex process for zirconium dissclution.(44)
Solutions of 16M nitric acid with additions of
IM HF, IM HF + lHCr, IM HF + 0.2 Cry O.IM HF +
1M Cr, or 1.8M + 0,52 Cr were studied. Even the
least corrosive solution (1listed in descending
corrosiveness) attacked titanium at a rate of mcre
than 1 inch per year. However, with the additien
of zirconium, in an smount 1/3 to 1/2 that of the
fluoride, the corrosion rate of titani cyuld be
reduced to the order of 1 mil per year.\44

Effect of Radiation

In-pile exposure of titanium has been re-
ported in several environments. 1ln general, the
corrosion of titanium increases with an increase
in radiation flux. In the case of hydrochloric
acid, however, exposure to alpha activity results
in lowered corrosion rates because of production
of hydrogen peroxide }n the liquid phase and 03
in the vepor phasel 43) (see Table 37).

In-pile studies were performed using
solutions containing 0.4 Hy90, (about 4 percent)
+ 0.1M 4 + 0.139M Cu304. Corrosion of Ti-35A
varied from 0.7 mpy at a flux of 4.3 watts/ml to
1.5 mpy ot 16.9 watta/ml. Ti-6Al-4V corroded at
about Mc( ﬁ)u rate of Ti-35A at similer power
densities.(46) 1In similar studies, the corrosion

‘vote of Ti=BA1=2.58n was reported as 1.4 apy at
‘20 ..w.x'?(‘b? ‘ ' ,

- High redistion fluxes were found to increase
the zete o( o}ido-ﬂh formation on titanium :
specimens.t48) The studies were performed in 19

percent Og-argon atmosphere st 68 F, 1 &
_pressure, at a radiation of 90 x zo‘-m (cobalt

- 60, gume) and neutren flux of 1012 /o2,

‘ Shlazine

Titanium is repidly and almost explosively
‘attacked in dry chlorine ges, even at room L
temperature. In the presence of moistuze (30.013
percent) , however, ti %u slmost completely
Tvsistant to chlorine\7+®) “‘t&fﬂ“ﬂl water
content mdy be as low as 30 ppm. Rxposures
of titanium to various chlorine-containing environ-

ments are described in Tables 2, 38, 39. and 40.
Titanium is presently being rsed §or wet chlorine
heat exchangers and coolers.(8s51

Titanium is reported to be susceptible to
crevice attack under some conditions in moist
chlorine.50:52) cCrevice corrosion was found
under Teflon tape in a chlorine duct at 190 F. A
blue corrosion product believed to be Tiy03 was
found, which subsequently turned white when exposed
to air. The mechanism is believed to be a slow
dehydration below the critical moisture level in
stagnant crevices having a large metal to gas ratio.
The reaction rate then increases due to the ac-
cumulation of acldic hygroscopic corrosion pro-
ducts.

Hydrogen

In general, the reactivity of titanium with
hydrogen follows the same pattern as that observed
for titanium with such other reactive gases as
oxygen and nitrogen. Under certain conditions,
all three of these gases can react with and serious-
ly embrittle titanium and its alloys. The degree
of reaction with these gases is a function of
time, tempersture, and pressure.

A discussion of the effects of hydrogen on
the properties of titanium and its alloys is beyond
the scope of this memorandum. Nonetheless, it can
be stated that, in general, the absorption by
titanium of hydrogen in amounts sbove about 90 to
150 ppm can result in hydride precipitation, em-
brittlement, and subsequent fallure under stress.
Certain alloying additions, including sluminum and
such beta stabilizers as vanadium and molybdenum,
increase the tolerance of titanium for hydrogen
considerably. The Ti-6A1-4V ailoy, for exsmple,
is quite resistant to hydrogen embrittlement and
loss of ductility rarely occurs with less than 300

ppm hydrogen.

The high reactivity of titanium with gaseous
hydrogen at moderste~to-high temperatures has been
known and accepted for some time. At the other
tmperature extreme, titanium has been found to be
completely passive in liquid hydrogen. The
tsapersture regime of resctivity which is of
greatest concern is that which extends from room
tesperature to about 800 F where the behavior of
titanium and its slioys has been erratic.

In brief, a review of the avallable IMIC
dats shows that the zesctivity of titenium and its
alloys with hydrogen cen be broken down roughly
Int: three temperature regimes which aze defined -
as followss ‘ :

-&su-aoo ‘ *Iowuoméf_aacnon
70 to 800 Errstic behavior; resctions
sometimes observed with sub-
saquant property «gndpt&on_
840 and above

Rapid reaction and subsequent
" loss of ductility. _

. Table 41 summerizes the time, uﬁouhm. and

pressure data on which the sbove ary tabulation
is based. Some details from the studies which have
been conducted in the lower tempersture of
intezest are discussed in the parsgraphs which
follow. oo '
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'FIELD TESTING OF TITANIU EQUIPMENT IN CHLORINE ENVIRONMENTS(3)

' Heat exchanger, 15 sq ft

70 to 100 B

TABLE 40,
e Tiie in -
Type of. - Service,
Equipment Titanium Envircnment months Remarks
2 inch gate valve: - Cast 17% HOC1 36 Excellent
1 inch ccoling coil * A-55 HOCL neutralizer tank 36 Excellant, replaces
= ) . . : silver
2 inch Y. valve : ‘ -Wrought 45% HoSO4 saturated with Cl2 30 Excellent
3/4 inch butterfly alve A-70 Wet Cl, gas, 185 F 36 Excellent
shafts o -
Spray drier atomizer wheel Wrought'  18% Ca (0C1)p solution 60 Excellent, replaces
: N Co - 3 Hastelloy C
"~ 1 inch diaphragm valve - Cast Chlcrinated NaCl brine 36 Excellent
.L/d inch steam tracer tubing Wrought HC1 and Cls fumes 30 Excellent
Heat exchanger ™ : Wrought  Cl0s and steam at 212 F 14 Excellent
Chlorine contact cooler Wrought Chlorinated hot water, hot, 48 Excellent
sparger plpes o . wet Cl, gas
_ Pump impeller. Cast Depletad NaCl brine saturated 24 Excellent
- ERR - with Cly
Fump Cast Nearly saturated NaCl brine, 12 Excellent
: containing 100 to 150 ppm Clo
Sparger pipe and distributor A-70 - - Depleted NaCl brine, Cl, 0.008 30 Excellent
bolts e gpl :
1/4 inch straps on sparger ‘A-70 - Depleted NaCl brine, Cl, 0.008 30 * Excellent’
pipes S gpl ~ _ '
- Leval-trol _ Wrough* Depleted NaCl brine, wet Clo 36 Excellent
) . S vapors )
10 #inch ¢rifice A-70 Acid NzCl bzrine, C12 0. 4 gpl 48 Excellent
3 inch orifice “ A=T0 NaOH 7%, NaOC1 25 gpl, 100 F 24 Excellent
. Thermowell A=55 - NaCl 275 gpl, Clp 0.2 vo 0.5 gpl - 48 . Excellent
'”Thermowells (2) A-55° “KCl 300 to 320 gply Clp 100 to 36 - Excellent
- 150 ppm R -
' Thermowell ‘ Wrought - NeOH 7%, NaOC1 2%, 100 F 9 Excelient
T:ADiaphragm cell top Iner Sheet . Wet Clo gas and NaC] brine, 15 . Failed at welds
- . o 200 F :
Stud bolts A-70 Chlorine plant atmosphere 42. Excellent
" Thermowell - . Wrought  Wet Cl, gas 51 . Excellent
18 inch butterfly valve Wrought Wet Cly gas 18 Exceilent
- 1 inch diameter shaf: for Wrought Acid chlorine contaminated air 54 Excellent
~+ - *10 inch buttérfly valwve : )
" Thermowells {6) - Wrought . We Clp gas at 82 F 12 Excellent
Butterfly valve stem " Wrought Wet Cl, gas 9 Apparently okay
: hemowalls (7 Wrought Clﬁ gas and Cl, saturated 9 Excellent
. ' : st 200
—Packing support grid and Wrought ,Alkalino NaOC} 36 Excellent
sparger tube . - ;
Puip shatt sleave Wrought Chlori.nated NaCl brine 1 Failed by pitting
‘ under rubber
slesve
Heat exchangers. 1220 Wrought  Sodium chlorate cell liquor, 6 Excellsnt
8q £t (2) 110 F
Wrought Sodium chlorate cell liquor, 9 Excellent

o e
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TABLE 41. SELECTED CATA ILLUSTRATING THE REACTIVITY OF TITANIUM AND TITANIUM ALLOYS WITH HYDROGEN
Temperature, Refer-
Material F Pressure Time . Remarks ence
Unalloyed Ti 75 1 atm - Hy absorbed (54)
75 - 52,000 psi 60 days No embrittlement obcerved (55)
75 to 140 300 psi 5 to 250 hr Surface hydride formed; (56)
exratic behavior
900 1 atm 10 min RT embrittlement observed (51}
Ti-5A1-2.5Sn -423 - 1/2 to 5 hr No effect on RT tensile or {58)
fatigue properties
-423 -— 100 hr No effect on RT creep (59)
:'i properties
g3 400 to 600 1 atm 4 hr Nc RT bend embrittlement (57)
800 to 2400 1 atm 4 hr RT bend embrittlement (57)
212 2 atm 8 months No Hy absorbed, stressed or (60)
unstressed
i 450 2 atm 4 months Unstressed - no H, abcorbed (60)
X Stressed - Hy absorbed
£ 840 2 atm 1 wonth Hy ebsorbed, stressec and (60)
&3 unstressed

Ti-5A1-2.5Sn (ELI) -423 to -300 O to 300 psia
~422 to 70 . 0 to 300 psia

70 to 140 300 psi

918 hr No Hy abscrbed (56)

556 hr No Hp absorbed 1 56)

5 to 250 hr Surface hydride formed; (s6)
erratic behabior

5 to 100 hr Erratic Hy absurption

400 to 800 (61,62)

1 to 15 psia

Ti-6A1-4V -423 - 1/2 to 5 hr No effact on RT tensile or (%8)

fatigue properties

Ti-4Al-4Mn 212 2 atn Hy absorbed, stressed and (60)
unstressed

Hy absorbed, stressed and {60)
“unstressed

1 month H, absorbed, stressed and (&0)
unstressed

8 months
4%0 2 atn
840 2 atm

4 months

75 52,000 psi 60 days No embrittlemen’ obsexved (35)

Syegenic Terperatures

To the knowledge of DMIC, no evidence exists
which indicates any reactivity of titanium or its
slioys with liquid hydrogen. Liquid hydrogen is,
for the most part, noncorrosive, and alioys such
as Ti-3A1-2,3Sn have found successful spplication
as containers for liquid hydrogen in a number of
ssrospice applications. For oxasple, as a part of

one such vendor qualification program, hydrogen

Also, seversl other investigators have per-
formed various mechanicol property tests on ti-
tanium slloys after exposure to liquid hydrogen
which indicated the ccqnu? 5&*” of these materials.

_ Specifically, Favoz, et al, showed thet neither
the yield strength nor fatigue limits of the Ti-BAl-
2.53n or Ti-6A1-4V alloys wers siguificently effected
after continuous exposure of from 1/2 to S housrs §n
liquid hydrogen. Also, cresp tests performed on -
the n-m-z.ssn dlloy, stressed to 85 to 90 percent
of its room~temperature yield streng’n for exposure
times to 100 hours in 1iquid hydrogsn, failed tt
show any Mdom of mittlumt by hydrogon 9)

As indicated ln Table 4., the zesctivity of

lmlyul and bend tests were perfoxmed on two
Ti=3A1-2,38n ELI alloy tenks which received ex-
posures to liquid hydrogen and supercri ttgz}
gaseous hydrogen for times to 918 hours. Table
42 lists the exposure sonditions and the enviren-
mentally induced stresses on these tanks, and

Table 43 shows the results of snalyses

performed on samples from both tanks. It was noted
that, while the welds contained slightly more -
hydrogen than the tank halves, sll hydrogen values
were well under the 200-ppm maxisum sllowed by
specifications for this material. Bend tests were
slso performed on samples cut from these two tanks
and tested to examine the inner tank surface '
ductility. The rusults showed sll semples met
the minisum specified 8T bend and did not "oﬁnr-
wise M!uu epbrittlement”.

titanium and Lts anoys with hydrogen in this
temperature range has been extremely erratic,
especislly at mmbient tesperatures. The factors.

" which appedr to promote reation st these tespera= . -

tures include a clean surface, stress, high-purity
g8s, the presence of beta-phase in the alloy, 'an-

... ‘sclcular microstructure, and, of - mn. tncxnud
L m.m ml pnswn




. Ti=4Al=-4Mn slloy and

HYDROGEN EXPOSURE OP Ti-5A1-2.58n (ELI)
ALLOY DURING QUALIFICATION TESTS(56)

TABLE 42.

Tank A Tank B

Age 150 hr at -423 to
=300 F, 300 psia

150 hr at -423 to
=300 F, 0 to
300 psia

150 hr at -423 to¢
“300 Fy 0 to
300 psia

468 hr at -423 to
=300 F, 210 to
300 psia

Total 918 hr

b

150 hr at -423 to
-300 F, 300 psia
100 hr at =423 to
70 F, 14.7 psia

Servicing

100 hr at =423 to
-300 F, 0 to 300
psia

206 hr at -423 to
-300 F, 210 to
300 psia

556 hr

Vibration

Operation

e —————

Previous work has shown that titanium will
react with gaseous hydrogen at ambient temperature
under certain conditions. Gibb and Kruschwitz
found that titanium reacted rapidly with hydrogen
at 70 F if htgﬁ-purity gas was in contact with
clean metal In this work, iodide titanium
was precleaned by heating in vacuum at 183G F to
adsorb any surface films. These authors also re-
ported that traces of oxygen or nitrogen, and
possibly other gases, in the hydrogen greatly re-
tarded the reaction rate., Similar conclusions
were reported by Stout and Gibbons zn their studies
of the use of titanium as a getter.l63) In their
work, also, it was found that s small layer of sur~ ,
face oxide effectively blocked the reaction. Stout
and Gibbons precieaned thelr material by annealing
in vacuum at 2100 F. Both of these studies in-
‘volved hydrogen pressure of less than 1 atmosphere. '

Later work by Hughes and Lambrn(64) showed
that hydrogen contaminaticn does not occur when
titanium is exposed to moisture below about 1100 F.
This was attributed either to supprestion of the
breakdov:n of water by titanium beiow this tempera-
ture or to the formation of a protective oxide,
or uxygen-rich surfzce layer, at low temperature.
The latter ’ xplahation {3 favored by the obsorve-
tion that an oxide scale or oxygen-rich ‘“fisf’
llycr retards hydrogen pickup by titsnium.

Alloy ccaposition affects the reaction be-

Mn titanium and hydrogen, as would be anticipated,
in view of the greater solubllity and diffusion rate
‘of hydrogen in bota titanium than in alphs titanium.
' Ssvage found significant rraction at 210 F between
1 11 , n At 2-atm pressure

but 1itcle resction with Ti~8A1-2.98n.(80) Mo
- special techniques were used in thi:s study tc¢ clesn
.. elther the slloys or the gas. Stressed samples ap~
" peared. to :uct. ::;; r:pidl‘y’ mlmnr:uod \

. samples. Inas of aci ing of titanium,

. Mckinsey, Storn, and Purklns.rgfktound that un-
"alléysd titanium Zormed surface hydrides which were
-zeasonsbly stable at 70 F. Small amounts of bets
in alpha titenium tended to cause increased ad-
sorption of the hydrogen in the metal. This was
particularly noticeable when thé materis) was heat
trested sc as to produce an acitular structure.

Por exemple, a Ti-Fe alloy containing only 2 per-
cent retained tota absorbed telce as much hydrogen
“-ae unalloyed titsnium when heat treated to give sn
: _';»mux«l alph. structure, and over. thr« uun n

. the Ti-8A1=2.58n ELI slloy.

TABLE 43. AL*SIS OF EXPOSED Ti-5A1-2.5Sn ELI

TANKQF

—
o ) Hydregen Content,
Identification ppm

Tank A.(918 hr)
1st half 60
2nd half ) 64
Weld bead 84

Tank B (556 hr)
lst half : 58
"~ 2nd half : 66
Weld bead ) 92

Requirement 200 max

much hydrogen when heaf treated to produce a coarse
acicular structure. Much of the hydrogen was pre-
sent as surface hydrides in all cases.

In the period of July, 1962, to July, 1963,
General Dynamics/Convair { formerly Astronautics)
undertock a study to select and evaluate optimum
materials for application in liquid hydrogen-liquid
oxygen fueled, recoverable aerospace vehicles. A
part of this study was concerned with a determina-
tion of the effects of hydrogen exposures at ele-
vated temperatures on the mechanical properties of
the Ti-5A1-2.5Sn ELI alloy. The results of this
study are detailaed in Reference 61 and are summarized
in the conclusions to that study which are quoted
as foliows:

"Long~-time (100-hour) thermal exposures at
400, 600, and 800 F in various pressure of hydrogen
gas resulted in significant decreases in notched
tensile strength ard crack-propagation properties
at =423 F. However, a moxe severe? exposure occurred
as 2 result of applying a mechanicel load during
thermal exposures at 600 F in various pressures
of hydrogen gas. The application of the load

. caused fallure in nearly half of the notched tensile

specimens during exposure. The poor creep-rupture
iife during 600 F exposure and the dacrease in
toughnass resulting from these exposures is believed
to be due to hydrugen absorption. Microstructural
studies substantlated this deficiency by showing
the formstion of large numbers of titanium hydride
platelets. The decrease in toughness snd the poor
creep-rupture life caused by exposure to hydrogen
gas is felt to be a serious problsm. For this
reason it is recommended that additional studies be
performed to more accurately define the effects of
hydrogen expcsures on the Ti-5A1-2.58n ELI alloy
before it is used structurslly in an elevated-
texperature hydrogen envircnment.”

» The above experiences were laster ucbocked(“l
with additicnal 75 and =423 F tests on sheets of

A {~tal of more than
200 specisens were exposed under conditions where
cenparatures ranjed from 200 to 800 Fy applisd loads
zenged fxrom 0 to 50,000 psi; gas pressures ranged
from 1 to 19 psig of hydrogen, hydrogean-helium,

. and hydrogen-helivm-water vapor mixtures; and times

ranged from 5 to 64 hours. The ‘est specimens
included tensile, notched tensile, and fusion-weld
tensile specimens which were tested at 7% and 423 F




after exposure. Three heats of the Ti-5A1-2.5Sn
ELI alloy in four gages (0,006, 0,013, 0.017, and
0.032 inch) were evaluated. The hydrogen gas used

contained 1.5 percent nitrogen, 0.13 percent oxygen,

8 ppm water, and the balance hydrogen. The results
of this later study are quoted in summary as
follows:

"The mosl significant result of this investi-
gation is that there was little or no effect of the
hydrogen exposures on the mechanical properties of

the Ti-3A1-2,58n ELI alloy. This is true regardless

of heat number, sheet thickness, or exposure condi-
tion (i.e., temperature f£rom 200 to 800 F, applied
loads trom 0 to 20,000 psi, exposure times from 5
to 64 hours, gas pressures from 1.0 to 15.0 psia,
and various gas exposures including pure hydrogen
and hydrogen-helium or hydrogen-helium-water-vapor
mixtures). In the previous study (Reference 61),
there were significant decreases in strength
properties as a result of hydrogen exposures at
elevated temperatures (at 400, 600, and 800 F).
For example, notched tensile strengths at -423 F
decreased from 10 to 20 percent, depending upon
exposure conditions, as a result of the hydrogen
exposures., In this investigation the largest
effects ranged from a 6 percent increase (in room
temperature tensile strength) to a 5 percent de-
crease (in notched tensile strength at 423 F after
an 800 F exposure). These differences are very _
nearly within the margin of testing error {based
on &n average obtained from three replicate speci-
mens). It is therefore concluded that there was
little or no effect of hydrogen exposures on the
mechanical properties of the Ti-5A1-2.5Sn ELI
sheet material.”

These results were obviously not consistent
with thoge of the previous program described
eaclier.(61) Because of these inconsistencies,
the more recent study(62) concluded with the sug-
gestion that additional test data be obtained to
substantiate or negate the data that were obtained.

In the opinion of DMIC, it sppears possible
that the differences in results from these two
programs may be due to differences in the purity
cf the hydrogen gas used. Unforiunately, no
antlyses were reported for the gas used in the
initisl work, although smple evidence was re-
ported that the hydrogen had, under certain
exposure conditions, reacted with the titsniue

© 8lloy. On the other hand, the hydrogen used in

the follow-up work was relatively lmpure and, in
fact, msy have contained sufficient impurities
to completely suppress reaction with the titanium
alloy. At any rate, these expericnces point wp
the need for special precsutions in both securing
8 source of high-purity hydrogen and msintaining
8 clean metal surface in order to quantitatively
sssess the extent of titanium=liydrogen resctions
8t low oressures and temperatures,

. Along similar lines, DMIC has also received

8 report of sporadic surface hydride formation

and occesional embrittlement in tubing of unslloyed
(Grade A43) and the T1-3A1-2.38n ELI alloy expossd
t> gesscus hydrogen st temperatures to 14" P and

pressures to 300 psi for times of 5 to 250 hours.(%6)

Here, the hydriding reaction appesred to occur
most repidly in tne heat-affected zones of welds in
these tubing materials and was greatly accelezated

in welds which had been contaminated during welding.
This reaction also tended to occur more readily
with the unalloyed titanium than with the Ti-5Al-
2.58n ELI alloy.

In view of these experiences, it is recom-
mended that the use of titanium in contact with
pressurized hydrogen gas at ambient temperatures
be examined quite carefully.

Permeability

The permeability of,titanium to h(drogen has
been estimated at elevated temperature,(67) (see
Table 44). At temperatures of 500 to 800 F, the
absorption of hydrogen can become appreciable and
embrittlement would normally be expected. These
numbers are only estimates, since the actual dif-
fusion of hydrogen into the metal is dependent on
the permeability of the surface films as well as

a number of other factors noted in the preceding
section of this memorandum.

TABLE 44. CALCULATED PERMEATION INTO A VACUUM OF
0.040~INCH-THICK METAL TO HYDROGEN AT
ONE ATMOSPHERE( 67)

Tempera- Permeability

ture, Constant, Hydrogen Loss
Material F p(2) J, cc/cm2-sec
Paliadium 800 8.4 x 10-3 6.3 x 10~!
Titanium 800 - 2.3 x 10-2
Iron 800 1.8 x 10-6 1.4 x 104
Nickel 800 1.0 x 1076 7.6 x 105
Copper 800 1.6 x 10-8 1.2 x 10-6
Aluminum 800 1.0 x 109 7.6 x 108
Titanium %00 - 6.0 x 10~3
Titanium 100 - 4.5 x 10-12

Notes Based on the procedure outlined in Jost.t o8]

the extrapolated data for the diffusion co-
efficient from Albrecht and Mallett,(®9) and
the hydrogen solubil;ty reported in TML (now
DMIC) Report 100,(70) the hydrogen permeation
through titanium can be calculated. Thus,
the aaxizug permestion of hydrogen through
slpha titanium would be

4.5 x 10-12 ¢c Hy/cm2-sec at 100 F
6 x 10~4 ¢c¢ sec at 200 F
2.3 x 102 cc Hp/cm2-sec at 800 F.

Qther

Titanium is ‘lﬁnt to hydrogen sulfide
and sulfur dioxide.\*»'/ sion rates of less

than 5 spy ave reported.(1) In a recent spplice-

tion, & tltenium ccoling tower was constructed for

cleaning and e,otl’ng sulfur dioxide and sulfur
trionide "._.‘0 7

Titentum panels exposed sbove o Naval Station
boller stack showed no attack at 572 F in s uxwt-
of hydrogen, carbon monoxide, and carbon dioxide.(l)

Titanlum is considered resistant to smmonia
and finds use m.nr-m stills for the Solvey
sods ash mru“l and mmonis synthesis com-
pressors.t ¥




A recent evaluation of detca}ing procedures
for titanium has beer reported.\71) Both acid
solutions and fused alkali baths have been studlied
in en attempt to eliminate the use of hydrofluoric
acid solutions. The results are summarized in
Table 45. The effectiveness of etching mill scale
{rom titanium in the acid etchants was found to be
dependent on the oxidation temperature. The scale
that forms at 1470 to 1560 F is much denser and
more chemically resistant to acid. It is difficult
to detach the scale satisfacturily without over-
pickling *he metal itself. The scale that forms
sbove 1830 F is removed easily in acid solutions.

TABLE 45. DESCALING OF TITANIUM(T1)

Metal Lost by
Overpickling,
9/meter?

Tempera-
= Exposure, ture,
T Medium - min F

15% HoSO4 + 3% NaF 0. 104 240
1% HCL + 3% NaF . 2% 86 270

8% HNO, + 3X NoF : 35 104 2%%
Fused RaOH 15 806 12.7
Fused 80X NaOH + 20% NaNOj 25 932 44.8

The alkali melts were found to satisfactorily
ickle titanium without excessive overpickling
metal loss). Sodium hydroxide was especially

effective. A "finish" pickle consistirg of washing

in hot 15 percent HySO4 is recommended.

COBROSION IN ORGANIC COMPOUNDS
Eeood

Titanium performs well in certain trouble-
some_ food processing areas, for example, pickels,
catsup, and other tomato cts, pineapple juice,
velishes, and onlion soup. Food also has less
tendency to stick to titsnium than to other metals.

Methvl Alcchol Solutions

General Gorzxosion

Studies have zhown that solutions of methyl
slcohol with additions of bromine are ex }y
corrosive to titanium and titanium alloys.\72
Corrosion dats are presented in Table 46. Severe
{ntergranular sttack of titanium was 8lso observed
in the dilute bromine solution., As a measure of
the susceptibility to localized attack, & "tendency”
to intergranular sttack was calculated as the in-
crease in chaic resistance divided by the weight
loss of the specimen. As shown in Table 46, unel-

loyed titanium has 8 high tendency to intergranuler

attack in 1 percent bromine. This tendency de-
creases with higher bromine content, as the cor-
r_oslon rate increases.

The comsionb rate of titanium is substanti-
slly lowered by additions of water to methyl

" sleohol~bromine solutions. See Table 47. With the
‘firet sdditions of water, the severity of inter-
granuler attack increases, and resches & maximum
at 5 percent water. This tendency to localized
attack then decreases with further water additions
snd becomes nil at 30 percent water.

CORROSION OF SEVERAL RUSSIAN ALLOYS IN
METHYL ALOOHOL-BROMINE SOLUTIONS 72

Corrosion, mpy, for Bromine
Content Indicated, percent

1 2 3 4 5

TABLE 46.

Alloyla)

VT1 (unalloyed grade) 290 480 65%0 810
VTS (5Al) 220 320 410 530
VT3 {4.7A1-2.5Cr) 140 210 280 360
vT3-1 (4.4A1-2Cr-1Mo) 120 140 190 --
Todide titanium 140 180 240 290

ergranula ck, T {b)
VT1 19 11 5 4 3

AT

(a) Iodide, VTl and VIS are alpha alloys. VI3 and
VI3-1 are alpha-beta alloys.

(b) Increase in ohmic resistance divided by weight
loss of the specimen.

TABLE 47. EFFECT OF WATER ON CORROSION OF VT
UNALLOYED TITANIUM IN METHYL ALCOHOL-2
PERCENT BROMINE SOLUTIONS(72)

Water, pepcent

11 28 5% 5 N

L _ _
(a) Increase in ohmic resistance divided by weight
loss of the specimen.

The attack of titanium in methyl alcohol-
bromine solutions is electrochemical in nature.
Protection of titanium in water-free solutions
can be accomplished by cathodic polerization to
about 0.3%0 volt.

Stxess Corrosion Cracking(®)

Titanium (as well as zirconium) has been
found to suffer stress-corrosion tuofnnq in
pethanol containing HC) or H2S04.(73) U~bend
specimens were exposed to various concentrations
of HCl or HoSO4 in methanol. Cracking of titanium
occurred within about an hour in methanol with
0.4 percent HCl, snd in about & day with 1 percent
Ho804. The crecking time decressed with increasing
concentration of HCl. A concentration as low as
0.00% percent ceused cracking within 24 hours.

The cracking time decreased as the solution tempers-

. ture was reised.

The presence of water in the methanol - 0.4
percent HC1 solution incresses the time required
for fallure. With an addition of 1.5 percent
water, no fallure of titanium was observed.

(ns As this memorandum went to press, preliminary
dats were received by IMIC from WASA which
showed that the solution-trested-and-sged
Ti=6A1=4V alloy is susceptible to scmé form of
stress=corrosion cracking in resgent grede
sethanol. Details of these experiences will be
susmarized in a forthcoming DMIC technical note.
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When the titanium U-bend specimens were an-
nealed at 930 F for 10 minutes or at 840 F for 1
hour, no stre s-forrosion cracking was found in the
HC1 solution.\73

o] Organic C

Titanium performs well in many organic
chemicals. See Reference 1 or 2 for further dis-
cussion. Organic compounds which do attack ti~
tanium are usually moderately strong reducing
agents, such as formic or oxalic acids. Titanium
is generally resistant to other organic acids
(see Table 48),

In formic acid, titanium has borderline
passivity in solutions of more than 10 percent
acid. If aeration is maintained, it may be re-
sistant to higher concentrations at temperatures
above room temperature. Table 49 presents cor-
rosion data for some titanium alloys. The addition
of 0.15 percent palladium to titanium decreases
its corrosion in boiling 50 pfrcent formic acid
from >50 to <5 mils per year.\7)

Titanium can be anodically protected in
boiling deaerated 50 percent formic.acid 7,36)
(see Table 22). The anodic polarization of ti-
tanium at high voltages up to 50 volts i; described
in Reference 74. A form of localized attack de-
scribed as "micropitting” is reported at concentra-
tions of 0.1 to 60 percent formic acid to 104 F at
potentials above 12 to 14 V. Uniform corrosion
occurs above 96.5 percent acid. A passive ares is
reported ut temperatures sbove 120 F.

Titanium shows poor resistance to oxalic acid.
Data on certain alloys are shown in Table 48. The
addition of 50 percent or more tantalum to titanium
reduces the attack of 1 percent boiling oxalic acid
from a very high rate to less than 5 mpy.l30) The
additior of 8, 16, or 3% percent columbium to a
50 percent titanium allsy, remsinder tantalum, gave
corrosion t‘lt’l of about 20 wpy !n boiling 1 per-
cent acid.(30

Anodic polarization of titsnium is repopted
in 25 percent oxalic acid at 194 F to boiling(7,36)
(see Table 22).

Titanium is used commercially in several
applications involving organic chemicals. For
exemple, a titanium pump impeller has replaced
Hastelloy C in 8 solution of 3 percent ethylene
chlorohydrin plus 6 percent HC1 plus slugs of
free chltrlsn at 140 F. No sttack was found after
4 yoars.\73) In the production of acetsldehyde
from ethylene, titanium is used for piping, pumps,
valves, heat exch n‘ and 1ines for vessels
up to 32 x 10 feet,(52:8) Titanivm is (. used
for various equipment for ures synthesis. )

A titanium impeller on & tenk agitator has shom

ntvt 4n acid chlorobenzene plus ferric

Titenium is resistant tg process streams in
the production of tall oi1.(76) Exposure in
distillation rolumhs, fractionating towers, snd
reboliler vapor nozzles shows no of titanium
specimens sfter up to 5800 hours of tests. Condi-
tions vary from vapors of 93 peroent tsll oil
fatty acids plus 4 to 3 percent rosin acids st
425 F to 90 to 93 percent linoleic-oleic acids

plus steam at 475 F with velocity of 62 feet per
second and to tall oil vapor with 75 to 80 percent
rosin at 510 F.

Autoclave tesis have shown that polyphenyls
used as heat~transfer media are corrosive at 700 F
to aluminum, zirconium, and their alloys, and
slightly corrosive to mild steel and tantalum.
Only stainless steels are unattacked, brt titanium,
tungsten, and molybdenum do quite well.(77)

Many crganic compounds afe effectively ad-
sorbed on titanium sux'faces.(8 In this manner,
many behave as corrosion inhibitors; for example,
m- and p-nitroaniline, p~nitrophenol, 2,4 dini-
trcrhenol, nitrobenzene, and o-nitroanisole are
described as effective inhibitors for titanium in
SN HoS04. Nitrobenzene, o-nitrotoluene, 1-
nitrobutar.e, o-nitrochlorobenzene, p-nitrophenol,
and o-nitrophenol are effective inhibitors of
titanium in HCl. This protection is probably due
to a monolayer of the protective organic compound

" adsorbed onto the titanium or outer TiOp surface.

Limited studies, summarized in Table 10,
indicated that the application of stress had no
sffect on the corrosion behavior of the Ti-6A1-4V
alloy in trichloroethxlene, cosmoline, or a 4
percent soluble oil.(15)

Recent experiences have shown that the Ti-
6A1-4V alloy is susceptible to stress-corrosion
cracking in some grades of nitrogen tetroxide,
NO4+ Previocusly, titanium and its alloys were
believed to be compatible with NoO4e In the
sbsence of stress, titanium shows almost no
corrosjon in liquid or gaseous NO4 in tests to
165 F.(78)  Although tmsm- is impact sensitive
at high impact levels, no propagation of the
reaction is reported.

Stress-Corrosion Cracking Kxperiences

The first reported indication of stress-
corrosion fallure came in early 1965 when o 8=
surized Ti-6A1-4V (sclution-trested and aged) tank
filled with uqut&’zo ruptured at Bell Aero-
systems Compeny. ?luuu came after 40 hours'
exposure at 105 F and a stress level of 90,000 '
psi. Microscopic examinsticn of the tank dis-
closed a considerable number of cracks which
had formed in 8l] -aveas where the stress level was

above 40,000 pji, P '

Following this discovery, NASA instituted :
4 prograa to investigate the failure. A litersture
‘survey and a tast program ysing tanks and test
coupons was undertsken. Over 20 asrospace companies,
government agencies, research firms, snd universi-
ties cooperated in this study which wes coordinated
by The Bell Aerosystems Compiny for the Mations ‘
Aeronsutics and Space Administration. :

Scme of the tast Tesults avatlsble td mid-

" March of 1966, sre summarized in Tebles 30 and 51.

On the basis of these and other studies, the
following conclusions can be made: ,
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TABLE 48. CORROSION OF TITANIUM IN ORGANIC ACIDS(8)

Alloy

Concentration, ture, Corrosion,
Organic Acid Type percent F mpy
Acetic Red. 5-99.% Boiling 0t
Citric Red.~Complex. 50 Boiling % to 50
Formic {aerated) Red. 10, 25, 50, 90 212 0tb
Formic Red. 25, %0, 90 Boiling 250
( nonserated)
Oxalic (aerated) Red.~Complex. 0.5, 1,5, 10, 25 140 >%0
Trichloroacetic - 100 212 250
Tartaric Red.~Complex. 10-50 212 0teb
Stearic - 100 356 0t 5

TABLE 49. CORROSION OF TITANIUM ALLOYS IN FORMIC AND OXALIC ACID(28)

v.___l?.Q.L__

Formic

Oxalic

Formic

Oxalic

Formic

Oxalic

T1 (75 miN)(a)

Tt (120 BHN)
T4 180 BHN)
TL (200 BHN)
Ti-8Mn
{annecled)
Ti=-6A1=4V
{annesled)
Ti=6A1-4V
(aged)
Ti=5A1=2.98n
(annealed)

T1-8A1-2Cb~-1Ta

. (annesled)

Ti-2.9A1=16V
(solution
treated)

Ti-2.5A1-16V
(a

{annesled)

Ti=1Al-8V-3Fe

aged)
Ti-3A1=2.5V
(ennasled)

(a) BN = Brinell Hardness Mumber. o .
(b) R = complete zesistance.

)
Ti=1A1-8V-3Fe

38
21
14

48
2

26

R g

8 g8 8

™ W WM O O PODOOD

8 8 & B8 & 88831

164
164

1160

& 283

1

1880
1420
560

990
580
1040
1030
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TABLE 50. TESTS IN TANKS PRESSURIZED TO 250 PSIG, EQUIVALENT WALL STRESS OF

it Dt s

90,000 Ps1(80)
Tempera-
ture,

Tanks Propellant F Time to Failure ]
(1) Ti-6AL-4V Rec(8) Ny0, 85 200 hours
(2) Ti-6A1-av Red(2) N0, 90 £ 88 51 to 192 hours
(3) Ti-6A1-4v Red(a) N204 105 14 to 127 hours 1
(4) Ti-6A1-4v Redia; N2O4 160 6 to 12 hours ]
(5) Ti-6A1-4V + Red(2) NyO4 105 23 days i
v Teflon bladder
: (6) Ti-6A1-4v Red(2) NpO4 105 None after 30 days |
(shot peened)

(7) Ti-6A1-4V Green(b) N04 + 160 None after 30 days

1% NO
(8) Ti-6A1-av Green(b) NyO4 + - None after 30 days

0-3‘ NO + O.SX Cl

(a) "Red" N204 is conventionally prepared by bubbling oxygen through "green" N204.

e et D e

See Table 52 for specifications. %
(b) "Green" N2O4 contains some NO. The composition of currently approved MSC- %
PPD-2 grade is given in Table 52. ]
;
g i
TABLE 51. TESTS OF SPECIMENS(80) |
L L 7 ;
Tempera~
( bire,
Specimen(d) - Propellant F Time to Failure i
E
(1) Stressed Red Naok 165 90 hours or less
(2) Stressed NoOg + 165 No failure in 120 hours g
(001 to lnm ) ‘;"\’“..' 3
(3) Stressed “2?3 ; Haoi ” 165 No failure in 120 hours i
2 to 1. :
{4) Stressed N2D4 + FNA 163 Ne failure in 120 hours
(23% H0)

(a) Stress varied from 90 ksi to 140 ksi.

TABLE 52. COMPOSITION OF Ng0,(#)(80)

, Lontent, wiX '
. 'loquluunquf Requirements of
= - JASA MSC-PPD-2

N0, ‘ 99.5 minimm 99.5 ainimum
(as ) 0.1 maxisum o ’ 0.1 maximum’
(s WOC1 0.08 maximum - : 0.08 maximum

Particulate matter . 10 mg/c maximm : 10 mg/c maximum

(a) In this work, the MIL-P-26839A grade has been called “red* Wor *white" .
while the KEG-PPD-2 grede “green*. Thess designations &rise frm the color
differences in various gredes of N04 at 0 C. Thus, 8t O C, NyO4 of the
MSC-PPD-2 grade is bluish-yellow or green while N,0, containing no messureble
MO content 1is yellowish or strew colored, i.e., ,'n‘" or "white® in comperi~
son to the MSC-PPD-2 grede. At room temperature, sl gredes of W04 (in-
cluding the MIL-P-26330A and MSC-PPD-2) are reddish-brown in color.




Stress-corrgsion cracking will usually
occur in NoO4 when no cignificant or
measurable amounts of NO are present
and the system is exposed to moderately
high stresses at temperatuvres in the
range of 85 F to 165 F.

Stress-corrosion cracking does not occur
in NJO,4 when the N.O, contains an excess
of NC.

NO and O are mutually incompatible, i.e.,
both cannot exist at the sane time in
NO4. The fcllowing reaction is believed
to occurs

2% + O

> 2M0,.

The commercial and military specifications
to which is processed do nct control
either its O or NO content. As a result
of this work, NASA has developed a speci-
tication for N0, which controls the NO
content (see Table 52).

Stress~corrosion cracking in "red” NjO,
shows a time-temperature dependence as
indicated in Table 50.

A Teflon bladder is used in some of these
tanks to contain the NoO4. The Teflon
acts as a barrier but is permeable, in
time, to 4+ On occasion, tanks con-
taining Teflon bladders fiiled with red
N¥04 have failed after extended periods

of time (sce Test 5 in Table 50), and
these have shown the same type of fallure
as where no bladder was used.

Shot peening the inside surface of a tank
s0 that there is no tensile stress on
the inside diameter surface of the tank
shell when in NJO4 service reduces the
probability of stress~corrosion cracking.

(8) All tests to date have shown complete
inhibition of stress-corrosion cracking
of titanium in "green” NoO4 (see Table 52).

(9) Chloride addition as NOCL to “green® NoO4
up to the specification limit of 0.08
percent apparently does not initiate stress-
corrosion cracking (see Test 8, Taule %0).

{10). Purther work has indiceted that additions
of sufficient water to red NgO4 will ell-
ainate the stress=corrosion cracking of
titanium. (This, in effect, sdds NO and
eliminates free oxygen since water forms
niteic acid and NO in NxO4.)

© Other work has shown that the primery cause
of cracking 1s not related in sny way to any
titanlum=processing operation. All normslly
accepted cleaning, heat treating, sging, welding,
desceling, and handling techniques used for titan-
fum have been checked. The stress-corrosion
cracking susceptibility was not affected by any
variation in these processss. :

‘ The crack propagetion behavior of titanlum
in red N;04 a8 compared with that for other
environments was l{m’tlum {n studies ot
Battelle for DMIC.\8L) These tests were performed
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using a prefatigue~cracked specimen loaded dynami-
cally under 3-point loading in an autoclave with

a technique similar to, that used in seawater tests
as discussed by Brown. Briefly, the specimens
are step-loaded to a higher stress level every 4
to 8 minutes until fallure ovccurs. The stress
level is measured by the straess-intensity factor,
K, in ksi /inch, assuming conditions of plane
strain.

In air, step-loading resulted in failure at
70 ksi /inch. Similar results were found using the
same techniques with red NoO4. Hcwever, when a
specimen was step-loaded to just below the air
value, and held for several days in red N-O4,
stress cracks formed throughout the specimen and
failure of the specimen occurred after 12 days at
127 F. During the experiment, relaxation of the
stress was noted, indicating slow propagation of a
crack, and the stress level had to be adjusted
throughout the exposure period.

These results show that the rate of propaga-
tion of stress cracks is quite slow in NyO4 as
compared with seawater. Time of exposure to the
environment is, therefore, a much greater factor
than it is in salt water, for example, where stress-
corrosion failure can occur in a few minutes for
some titanium alloys. Thus, the experimental pro-
cedure must be modified to evaluate stress-
corrosion cracking in red N,O4 by the precracked
specimen method.

In other short-term studies using precracked
specimens, additions of 0.5 percent water { forming
nitric acid and NO) and 0.25 percent concentrated
hydrochloric acid (adding chlorides and water)
were made to NoO4. The results again were similar
to those in air.

Although the mechanism of stress-corrosion
cracking of titanium in N2O4 is not fully under-
stood, it is appirent that oxygen sctivity plays
an important role, and that additions of NO inhibit
the attack. It has been suggested that stress-
corrosion cracking occurs on the titanium surface
at coarse slip lines where the oxide film is not
protective, or is easilv ruptured, such as by
local creep. This would acccunt for the network
of cracks associated with the fallures. The NO
addition could prevent this sttack by removing the
active oxygen and/or sbsorbing on the surface as s
protective film. Chlorides have been suggested as
a possible cause, since they are often assoclated
with cracking., However, no proof of their contri-

bution to the mechanisa of cracking has been found.

Woxk is continuing in these aress.

; Further work is also indicated in the deter-
mination of what other alloys of titanium are
susceptible, and on the character of the metal
surface before and after exposure to hO,.

I wofvoaic Considerations’

In an effort to explain the observed stress-
corrosion=-cracking fallures, a limited study wes
underteken by DMIC to collect and examine thermo-
chemical data concerning the possible resctions

" ‘that might e expected to occur between the Ti-

6A1-4V alloy end the available grades of Nx04.

* This section of this semorandum was prepared by

Dr. J. J. Ward, Fellow in the Materials Therme-
dynamics Division, Battelle Memorisl Institute.

?




In brief, this study entailed the collection
and/or estimation of the standard heat of forma-
tion and standard free energy of formation for 37
compounds representing possible reactants or re-
action products. These were then used to calculate
the standard heat of reacticn, AHOp, and standard
free erergy of reaction, &F%g, that could pessibly
cause failure of titanium in NyO4 at both 77 and
260 F. Fifty-three reactions were postulated in
which elemental titanium, aluminum, and vanadium
were reacted with NyO4, NO, NOp, NOCl, and/or mix-
tures of NoO4 with these impurities. Also, 25
reactions were postulated in which Ti0, TiOz, and
TiN were reacted with NO4 and these same impuri-
ties. All of these basic data ana the reactions
considered are given in Appendix A.

One obvious intent of this study was to
determine what compounds of titanium could form
that might be protective. Unfortunately, the
results were almosi completely negative. Thus,
the thermodynamic indications were that virtually
all of the 78 postulated reactions could occur and
none of these offered any clues to suppor: the ex-
perimental observations as to why an excess of NO
suppresses the stress-corrosion reaction or why
an excess of oxygen promotes this reaction.

Further, in all of these 78 reactions, the
thermodynamics are relatively unchanged over the
temperature range of 77 to 260 F. As pointed out
earlier, however, a strong temperature dependence
has been observed in the stress-corrosion behavior
of the Ti-6A1-4V alloy in red N0, between 85 and
165 F. These differences between thermochemical
prediction and experimental observation strongly
suggest, therefore, that a reaction rate or mechan-
ism is the cause of this reaction rather than a
change in the thermodynsmics of reaction over the
temper: ture range of interest.

Ne thermodynamic data could be found for
possible ions in nitrogen tetroxide as a solvent.
The thermochemical data for aqueous solutions do
not apply to ionic reactions in NyO4 (1), of
course. The dielectric constants of N0, (1),
compared with liquid benzene, Ni3 snd H0 as shown
in Table 53 indicate that ionic resctions in
NyO4 (1) sxe unlikely. This observation minimizes
fonlc reactions or electrochemical action as a
ceuse for tank fallure by stress-corrosion cracking.

'TABLE 53. DIELECTRIC CONSTANTS. aas.mm N04 AND
SEVERAL OTHER LIQUIDS ,

Dielectric Constant  Temperature,

~Compound. ¢ (¢ vecuum~1) c
(n 2.8 15
e 1) 2,284 2
Asmonis( 1) 16.9 )
water(l) 78.54 )

]

‘Liquid metals are encountered in three types
of sexvice: alloying and melting operations,
cheaical operations in which one or mcre reactants
sre liquid metals, and as a high~temperature, hest-
transfer medium. This latter use is bercaing

" in Table 93.\F
. more in the vapor

more important as a result of the increasing
interest in high-temperature atomic-reactor power
systems. Several important physical properties of
liquid metals which are of potential use as reactor
coolants are jllustrated in Figure 5.

Titanium {s of interest as a construction
material for iiquid-metal systems. However,
because of the loss of mechanical properties and
poor corrosion resistance to a number of the liquid
metals, the present use of titanium and its alloys
in such envirorments is restricted.

The following paragraphs briefly describe the
behavior of titanium in some of these media.

Bisguth - Lead Alloy (5%.5Bi-44.5Pb)

In 500 hour tests at 1200 F, a Ti-4Cr slloy
showed excellent resistance to the 5%5.5Bi-44.5Pb
eutectic alloy.\85) Under the same conditions of
exposure, alloys of Ti-1Si and Ti-5Cu showed
moderate and poor res{stance, respectively.

Cadpium

In 1956 and 1937, experiences confirmed that
both the Ti-4Al-4n and Ti-8dn alloys were
susceptible to stress-corrosion cracking by molten
cadmium, i.e., at temperatures above about 610 F.
Details cf these oxperlenctgqyave been summarized
in an esrlier IMIC report. In general, it is
believed that for attack to occur:

(1) Fissures must exist in the Ti0o surface
so that unprotected titanium will be
exposed.

.

(2) The temperature must be high enough to
permit the cadmium to flow into the
fissures.

However, no stress-corrosion cracking is antici-
pated when using cedmium in contact with titenius.
below 610 F, :

(> T30

Although general corrosion §3 not reported,
liquid cesivm appesrs to degrade the physicsl -
properties of titanium. For aiomple, ot 730 F,
the weight changes for Ti-6A1-4V specimens in
eithar 3 titenium or type 347 stainless stael
container were from +0.2 to ~0.8 ‘g’:dn/dw
for both vcpor and liquid exposure. - This is
8 penstration rate of Jess than 0.2 mil per yesr.
However, sfter exposure to liquid cesium, the :
ductility of unslloyed titanium, T1=20V, Ti-6Al-4V
and Ti=13V=11Cr=3A1, 8t measured by bending, is °
reduced (see Table 94). : R

The tensile propertics cf titanium are aleo
doenucdbymomtc cosium at 392 F as shomn

than in the liquid, The
reduction in tensile properties is less at very
slow pull rates. B E

Tension-tension fatigue tests in ligquid
cesium at 86 to 95 F showed essentisliy no adverse
offect. Specimens studied included sheet speci-
mens of unalloyed titanium. Ti-6Al-4V, and Ti-13V-
11Cr=3A1, as well a3 302 stalnless sm*. Kovar,
NiSpan=C, 1040 steel and molybdenum.\%!/. ,

Titsnium is apperently attacked .-

R e R Ty
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FIGURE 5. SOME IMPORTANT PHYSICAL PROPERTIES OF POTENTIAL REACTOR COOLANTS

TABLE 54. BEND DUCTILITY OF TITANIUM AFTER EXPOSURE TO LIQUID AND VAPCR CESIUM(87)

. Stress to Yield 1809 Bending 900 Bending
_ 1000 Hr at 86 F  After 1000 Hr  After 1000 Hr
Al}oy Irestaent Dy _GC= Cs Exposure 86 F_ 1200 F Cs Vapor
T As-received Okay Fractures Okay Large cracks Fractured
Ti-XV As-forged Small cracks Fractures Ckay Fractures Large cracks
Ti-6A1-4V Mill-anneal Ckay Fractures Okasy Small cracks Fractures
Ti-13V-11Cr-3A1 - Mill-snneal Small edge Many small Okay Small cracks Fractures
cracks cracks
i ]
TABLE 5%. TENSILE STRENGIH CF TF'TM ALLOYS IN LIQUID AND VAPOR CESIUM AT 392 F
: AT VARIOUS PULL RATES\®7
Ultinmate
Tensile Yield , :
, Pull R Strength, Strength, longation,
Alloy Environmsnt __in./ninl8) ke nd percent
AY
n Dry 0.5, 74.0 63.0 2.0
tl c. : °c5 70-0 60.0 21-3
T Ca 0.9 71,0 9.6 2.4 y
T Cs vapor 0.9 %0.0 44,0 13.1 ,
o] Cs vapor 0.% 480 7.0 10.8 b
- Ti-6Al~4Y Dyy 0.5 1610 182.0 12.4 b
Yi=6Al=d¥ . Cs 0.5 1%1.0 142.0 11.2 9
~Ti-6Al-aV Cs 0.8 1582.0 143.0 il.8
Ti-BAl- 4V Cs vapor 0.8 . 125.0 110.0 1.7
Ti=6A)=-4V Cs 0.1 . 148.3 138.0 10.2
Ti=tAl =4V R 0,01 157.0 141.0 129
Ti=6A =4V Ca 0.01 170 135.0 12.8

?'a'f";pc' cinens 1 8-inch diameter, 101/4-tnch gage lengthe

A g
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Gallium

Titanium is disinte?rated by gallium(88,89)
at 840 F, but is reported(90) to have good re-
sistance at 750 F.

Lead

Titanium{1,91) has poor resistance to lead
at 1500 and 1830 F.

Lithivm

Titanium, molybdenum, tantalum, zirconium,
vanadium, and beryllium were fovnd to, be quite /
resistant to attack by lithium. 84,92) {In early
work, some of the above were thought to have poor
resistance because of dissimilar metal transfer
from iron capsules.) Tlt?nium shows no attack
at 1500 F (see Table 56).192) At 1330 ; only fair
resistance is reported for titanium.\93 Figure 6
compares the static and dynamic corrosion resistance
of several materials. However, the texts of
references 84 and 92 indicate that titanium was
not tested in the flowing systems. Pure iron,
ferritic chromium stainless steel, columbium,
tantalum, and molybdenrm yppear to have supericr
resistance to lithium.\93

3

The impurity levels in lithium may also
affect the rate of attack of titanium. For
instance, the solubility of titanium increases with
both nitrogen concrntfation and temperature as
shown in Figure 7.194 Although oxygen was not
found to alter the corrosion resistance of titanium
to lithium, transfer between lithiim and titanium
does occur. The equilibrium concentration in
titanium appears to be betweep 790 and 900 ppm
0, after 100 hours at 1500 F.(94

Magpesium

Early work(gs) has indicated that titanium
has good resistance to magnesium up to 1380 F and
limited resistance at 1560 F. However, the Ti-Mg
phase diagram indicates appreciable solubility
in liquid magnesium.

Mercury

Titanium, in itself, is not very ypesistant
to mercury, except at low temperatures.(56'97’?')
Because of its light weight and high strength,

(a) Some room-temperature corrosion data for
titanium in mercury and some mercury alloys
are glven in the Low-Temperature Alloys
section of this memorandum.

(Cu, Ag, Au, P1)

Nicke!

Low- ailoy steels

Bl
%8¢,Co, Cr, Re, ¥

Cobolt -Base Alloys #

(Stellites)

Nickel - Boes Al
(Inconel) d

fo
Stomets Somi )
@, Mo,V Zr, T, oW

Bors indicate

fermperatures below
- operated for hours with less thon 0003 in

which 0 two-component system could be

efcllu!nerupnuuatrtutﬁoetvnulnnl

FIGURE 6. CORROSION RESISTAJCE OF VARIOUS METALS AND ALLOYS IN MOLTEN LITHIus(92)
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TABLE 56. RESULTS OF LiTHIUM CORROSION TESTS ON METALS IN TWO-COMPONENT STATIC TEST SYSTEMS(92)

Surfaze Area

Volume of- "~ Weight
- —Jemperature .  Time, Lithium Change,
© Metal F .. . C hours in.?/i’n.é mg/in.2 Metallographic Observations
Beryliium 1500 816 100 10 +1.7 2 mils of intergranular attack
Beryll}uz)n - 1832 1000 100 10 +1.6 3 mils of intergranular attack
Copper\ 2 15C0 816 100 13 - Portions of 35-mil tube wall
. completely dissolved
tronla) 1506 - 816 100 13 0 No attack
1ron 1500 316 400 7 -2.0 Up to 2C mils of very faint
intergranular penetration
Iron 1832 1000 400 . 7 ~-1.9 No attack
Molybdenum 1500 816 100 - 13 0 No attack
Nickel(a) 1500 816 100 - 13 - Portions of 35-mil tube wall
' completely dissolved
Tantalum 1500 816 100 13 +7.6 No attack
Titaniuml @) 1500 816 100 13 +2.5 No attack
Vanadium 1500 816 100 13 +8.4 No attack
Zirzonium’ . 1500 816 100 13 0 No attack

(a) Duplicate tests.

considerable research has been done on improving
the corrosion resistance of titanium to mercury,
especially at elevated temperatures.

, . T Commercially available titanium and its
oY %00 850 e00 750 700 . €50 alloys are corroded at about 1 mil per month in ‘
HIER I L | | mercury at 700 F.(96) A thin adherent black film
¥ 1. T ) was present on most surfaces. Little attack oc-
curred in the vapor. Based on static-test data,
it seems unlikely that any of the present titanium
alloys would be satisfactory by themselves.\96)
Takles 57 and 58 give corrosion data for various
alloys in mercury at temperatures of 700 through

210 ppm NITROGEN 100 1000 F.
[] ; ] ) .
T — 6o Possible Stxess-Corposion Cracking

\’\T A 1962 rsferonco.(%) reported that the Ti-
13V=11Cz=3A1 beta alloy suffered unusually rivere
: cracking attack in both the liquid and vapor phase
¢ 420§ of mercury at 700 F. Also, embriitlement of
a titanium screp and alloys Ti-75A and Ti-6Al-4V
i 83ppm NITROGEN has been observed when tittnisn was deformed
“..Q o | oo —{ 0 while immersed in mexcury.(98 WNetting of un-
v stresyed titanium by mercury requires a tempera-
ture of 7%0 F in vacuum, while reexposure to sir
.\0\,\: 5 causes dmtting.&e These reports indicate that
stress-corrosion cracking of titaniua and its
-3 slloys can oceur in mercury. Consequently, addi-
tionsl studies in this area are recommendod before 3
committing titanium or its alloys to use in ’

AFTER: LEAVENWORTM AND CLEARY . :
PRIVATE COMMUNICATION contact with mercury. o |

' Suzface Protection
oS { | ] i 18

082 088 090 0954 098 102 108 10O Corrosion of titanium by mercury can be
1000, reduced by protection of the titanium face.
reK) Aitrided titanium slloys (see Table 3),(97
Ti=2.%A1-16V and Ti-7A1-12Zr suffered no attack

: . 94 after 14 days in mercury at 1000 F or 41 days st
FIGURE 7. SCLUBILITY OF TITANIWM IN LITHIUM(94) 850 F.(96:97) At 1000 & scae selective attick
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TABLE 57. RESULTS OF MERCUR' CORROSION TESTS ON TITANIUM AND TITANIUM ALLOYS AT 700 F (STATIC SYSTEM)(g")
‘é : Test
. » Test Period,  Weight Change,(a)
Material Environment hours mg/cm? Remarks
Commercially Pure Titanium Liquid Hg 168 ~26.22 Slightly pitied
720 -19.7 Pitting attack to depth
of 2 mils
Hg vapor 720 Nil No attack
Crystal Bar Titanium Liquid Hg 336 -14,2 Uniformly corroded
Ti-4A1-4Mn (alpha-beta type) Hg vapor 720 + 0.02 No attack
Liquid Hg 720 - 7.22 Scattered attack all
over
Ti-8Mn (aipha-beta type) Hg vapor 720 + 0.04 One srack i
Liquid Hg 720 - 9.48 Scattered attack all :
over i
Ti-7A1-4Mn (alpha-beta type) Hg vapor 720 Nil No attack
Liquid Hg 720 ~16.12 Attack in several
, scattered areas
3 Ti-3A1-2.5V {alpha-beta iype) Hg vapor 720 + 0.0% No attack
' Liquid Hg 720 " +10.06 Uniformly corroded
Ti-2.5A1-16Y (alpha~beta type) Liquid Hg . 336 - 0.45 Slightly cracked
Ti-6A1-4V (alpha-beta type) Hg vapor . 7% Nil Cne crack
Liquid Hg 720 - 2.94 One crack; attack in
several scattered areas :
Ti-3A1-5Cr (alipha-beta type) Hg vapor 336 Nil No attack )
Liquid Hg 336 - 0.95 Very lightly sttacked
Ti-5A1-2.5Sn (alpha type) Hg vapor 720 Nil One crack
Liquid Hg 720 - 5.54 One crack; shallow pits
Ti-8A1-2Cb-1Ta (alpha type) Hg vapor 720 + 0,03 Four cracks
Liquid Hg 720 - 9.41 Uniformly corroded
Ti-8A1-8Zr-1(Cb + Ta) (alpha type) Hg vapor 336 + 0.0l One small crack
Liquid Hg 336 - 4.48 Many cracks
Ti-7A1-122r {alpha type) Hg vapor 336 - 0.01 No attack :
Liquld Hg 336 - 3.83 - One long crack; soiution )
type attack ]
Ti~5A1-55n-52r (alpha type) Liquid Hg 336 + 1,11 Cracked and pitted |
Ti~BAl-1Mo-1V (alpha type) Liquid Hg 336 + 0,57 Slightly cracked
Ti-13V-11Cr-3A1 {beta typs) Hg vapor . 720 Nil : Severely cracked ]

|
Liquid Hyg 720 - 8.10 Severely cracked j
3 f

|

(a) "+" refers to weight gain and “-" ‘réfers to weight loss. :

TABLE 3%8. CORROSION TESTS TS ON TITANIUM AND TITANIUK ALLOYS IN LIQUID MERCURY AT 830 AND 1000 F : }
(STATIC SYSTEM)(97 _ ‘ ~
Test Period, ‘ . '
Matsrial ____hours __8%F 1000 F _Remarks |
Commercially Pure Titanium 120 -26.48 - - Uneven attack
336 . - ~49.)4 Uniforaly corroded ' !
T1-2.5A1-16V (alpha-beta type) 720 - 3.57 - ~ Slightly pitted ’
336 - T =21.47 Thin layer of corrosion product;
‘ L , uniformly attacked .
T1~3A1-5Cr (alpha~beta typs) 720 -38.20 | m- Uniformly corroded
336 ‘ - =53.90 Black corrosion product, irregu-
: larly distributed
Ti-7A1-12Zr (alpha type) 720 . ~ 6,50 - Shallow pits
336 - - =77.%6 Uneven, severely corroded
Ti-8in (alpha-beta type) 720 =40.% ~ Uniformly ettacked
336 - L. -61.3% Severe, uneven surface sttack




TARLE 9. WEIGHT CHANGE, mg/ca?, OF TITANIUM AND TITANIUM
ALLOYS AFTER 14 DAYS' EXPOSURE IN MERCURY AT
838 C (STATIC SYSTEM)(97)

As~Polished Bitrided

Materials (Liquid Only) Liquid Vapor
Commercislly pure -49.14 +0.78 0,31

titenium (30 days)
Commercially pure - +0,12(a) -

titanium
T1~2.5A1-16V =-21.47 +0.11 +1,12
T1~3A1-5Cr -55.90 +0.08 +0.64
Ti-7A1-122r «77.%6 +0.07 +2.82
Ti-8dn =-61.3% +0.13 +0.40

{a) Heat treated at 800 C for 4 hours under vacuum.

occurred on corners.(96) The nitrides on Ti-7Al-
12Zr ano Ti-3A1-5Cr are susceptible to dttack in
the vapor phase. The nitrided layer on unalloyed
titaniur cracks although little weight loss occurs.
The manganese in Ti-8Mn may obstruct the N, dif-
fusion into the metal. However, a very adherent
film Is formed.

An attempt to carburize titanium alloys for
resistance to mercury was unsuccesful. The
surface became brittle and cracked, possibly
because of hydrogen absorption.(97i A sulfuric
anodized film of thickness 5 to 11 microinches

: protéc}ed)ti;anium at 700 F, but dissolved at

850 F.\97

The addition of metal additives to mercury
tends to decrease its attack of titanium. Effective
addiiives are zirconium, nickel, aluminum, copper,
iron, magnesium, or cadmium. 97,99,100,101,10 g
The additicn of bismuth or zinc increases the
attack on titsnium. Beryllium has no effect.(97)
At 700 F, additions to mercury reduce the weight
ioss of commercially pure titanium from 26.2 mg/
cm? (7. days) to 1.43 for magnesium, 1.37 for iron,
1.09 for cogyer. and 0.%6 for zirconium, all after
14 days.(101} The effect of metal additives on
the solubility of titanium in mercury at 700 F is
shown in Table 60,

TABLE 60, SOLUBILITY OF TITANIUM AND METALLIC
ADDITIVES IN LIQUID MERCURY AT 700 E(97)

Equilibrium Solubility of Metallic

Materials

Tested T3 Cu Fe Zr By
) 5 S 13.20 - - - -~
Ti+ Ou 6.70 214 - - .
71 * P. . 7 022 - On“ i -
Ti+ 2y 8.%0 - - 241 -n
TL + Be - 13.300  w= | ew -~ 0.06

As shown in Table 61, separste additions of -
zirconium, aluminum, and nickel reduce the attack
of mercury on titanium at 1000 . However, binaxy
combinations of these additives in mercury tend
to sccelerate the attack of titanium at 1000 F.
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- In thermal loops, single metal additives to
mercury proved less effective than was indicated
in the ebove work. Thus, in a thermal loop at
850 F, with or without added zirconium, t?e hgt
leg specimens of titanium were dissolivaed.\ 102
Also, in a loop with a nickel 2dditive, mass
transfer of nickel to the titanium hot leg sample
occurred.\ 10

Based on the above data, the applicability
of titanium for mercury service is limited.
Additional data should be obtained before any
such use is planned.

Potag Sodj and NaK Alloys

Titanium appears to cffer good resistance
to sodium, potassium, and NaK alloys up to 10CO to
1100 F. Above 1100 F, the corrosion rate is
significant and titanium is limited to short-time
use. Both nickel and 18-8 stainless steels appear
to have better resistance in these media than
titanium.(9

The effect of cavitation on the corrosion
resistance of unalloyed titanium (Grade Ti 100A)
in sodium up.to 1000 F is a function of time and
temperature.' 104) Tests were performed using a
magnetostrictive uscillator in sodium containing
total Og, No, and H50 of <5 ppm. The cavitation
damage was found to occur in four steps, listed
below, and is illustrated in Figure 3.

{1) Incubation
(2) Accumulation
(3) Attenuation
{4) Steady State.

The steady-state cavitation damage was then shown
to vary with temperature as in Figure 9.

In addition, amplitude of the oscillation
was fcund to affect the rate of weight loss, as
shown in Figure 10. ' The steady-state weight loss
varies as the square of the displacement ampli-
tuda, as also shown in water systems. The in-
tensity of cavitation damage in sodlum at 400 F
{s about one and one-half times that in water
st 8C F for & given ampliiude and frequency.

Silver and Silver Compounds
At high t»uporaturo# silver, silver chioride,

and 3llver hraze have been shcwn to have a definite,:

detrimontal effect on titantum slloys, and appesx
to ceuse ¢ form of stress-corrosion cracking. -

A silver brazs costing (Dynsbraze *B*,
consisting nominally of 94.8Ag=BA1-0.2in) on
titanium alloys Ti-8Al-)Mo-1V and Ti-6GAl-4V
caused rapid surfacsy deterioratinn, loss of
adhesion betwasn braze and metal, and stress-
cotrustgn frtcklng sf tar exposure in air at
620 F.L103) 0f the fatled titanium specimens,
only slight differences in fallure time were noted
betwesn brazed specimens vith or without selt snd
in the notched or unnotched condition. For the
T5-6A1-4V alloy, notched specimens were stressed
to 45 or 58 kst and utmotched specimens %o 23 to
37 ksi. Fsiluve times xanged from 5%00 to 15,000

iy st

§
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TABLE 61, INTERACTION OF CRYSTAL BAR TITANIUM AND ADDITIVES EXPOSED TO LIQUID
MERCURY AT 1000 F (STATIC sysTEM) (102

Weight Change Spectrochemical Analzsis of -~

in 14 Days,{a) __ Exposed Surfaces(b)
Exposure to Liquid Mercury Plus mg/sq cm Hg Ni Zr Mg Al
No additives -16.51 W - T —— e
~-17.60 W -~ T - =-
-18.69 W Y -
Ni (750 ppm) + 4.04 M M — e e
+ 3.92 M M -— ==
Ni (750 ppm) + Mg (50 ppm) -34.10 W T — = -=
-31.20 W ) — e -
Ni {750 ppm) + Al (50 ppm) -28.56 M WM - — WM
-29.87 M WM == == WM
Al (750 ppm) + 0.26 M - = == §-VS
+ 0.32 M - - ==  §-VS
Ni (750 ppm) - 0.15 M - M -— -
- 0.94 M - M - -
- 0.92 M - M - =
Zr (750 ppm) + Al (50 ppm) - 0.89 §V§ — - - VS
. - 1.56 §-V§ - -~ -- V5
Zr (750 ppm) + Mg (50 ppm) - 2.08 M
- 1.07 M
(a) "+" refers to weight again, "-" refers to weight loss.
(p) vs = very strong, above 10 percent; S - strong, 10 to 1 percent;
M - moderate, 1 to 0.1 percent; W - weak, O.1 to 0.0l percent; T - trace,
0.01 to 0.001 percent.

<)

Moteriol Titonium 100 A
Liquic Sodium ot 400 F

Y Amp! 460 u (17 mils)
s : Freq. 150 ks
Specimen diometer §inch

o

2

Rate of Weight Loss, 2§

FIGURE 8. CAVITATION DAMAGE, BFFECT OF TIME ON RATE OF mmn
LOSS OF 100 A mmmn(xoa)




)

Material Titonium 100 A
Liquid Sodium
—-Amplitude 460 u (1.7 mils)
Frequency 150 ks
Specimen diameter §inch

)

8

Rote of Weight Loss, =3
K 3

FIGURE 9, STEADY-STATE CAVITATION DAMAGE, EFFECT OF LIQUID-METAL
TEMPERATURE ON RATE OF WEIGHT L0S5(104)
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hours. For the Ti-8Al-1Mo-1V alloy, notched-
specimen stress was 56 to 67 ksi and unnotched-
specimen stress was 23 to 31 ksi. Failures occurred
after 9000 to 18,500 hours.

An investigation of failure of a titanium~
alloy engine-compressor wheel operated at high
temperature showed the role of silver and silver
chloridf in stress~corrosion cracking of titanium
alloys. Previous compressor tests below 700 F
showed no failures. Tensile specimens of Ti-7Al-
4Mo and Ti-5A1-2.55n, uncoated and coated with
silver chloride, silver plate, vacuum deposited sil-
ver, and/or F50 hydraulic oil and salt were used.

_ The results are shown in Table 62. Both silver and

TABLE 62. RESULTS OF STRESS-CORROSION STUDIES OF TITANIUM ALLOYS
WITH SILVER AND SILVER CHLORIDE(106)

Tempera- Failure

ture, Stress, Time,
F ksl Coating hours
Ti-TAl-@io
800 100 Bare 40-396
800 100 NaCl 1.4 to 2.6
800 50y Mcl NF(a)  260(b)
800 w0} wmci nF(a)  260(b)
800 25 NaCt NF 260
800 100 AgCl 0, 0.06
600 110 Bare ’ NF 110(d)
600 110 AgCl NF 110{d)
ars 70 Ba 146, 182
875 70 ole) ¥ 12
873 0 Ag plate 18.%
) 70 Ag plata + Faole) 20
8% 70 Ag plate + NaCl 4.8
875 70 Ag plated and then stripped 120
87% 70 Ag (vacuum dopost‘) 8, 9
a7 n Ag plated bolt 3 3
(MaCl costed and mh))
815 70 Ag plated bolt from 41
service
&7 70 A9 plated bolt 26
- Ji=hAl=2.380
900 48 - Baye N 100
900 @ M0 0.03, 0.06
200 %8  Bare » 100
800 8 MGl 0.8
]

700 64 Bare » 100
700 (] MCL 19.%
500 n Bare  J 100
500 1 MC) 145
7% % 179, 07
HH - 94,
L 1) %0 late 0.4, 0.6 .
o 0 A Die . rote 0.3, 1.8
e 0 Bare 104, 204
o %0 %1 3%, ©
| 1) %0 Ay { vacuum deposit, 15
o ] Ag {vecuum deposit) + MeCl 1.3
" L0 M (vecuum deposs 156, 241
[ 1) % Ay {vecuum deposit) + NeCl 15
| 16 ] % i (vacuum deposl 210
o %0 N (vecuum deposit) + NeC) -]
[ 1] %0 Ay plated bolt . ¥1

{a) WF meens no foilure. :

(#) Room=tempersturze Muu aftar test) yleld 150 to 193 ksl,
£1 10-to i perceat.

(@) Nydraulic ofl.

}

silver chloride caused stres;::;;;zgfbn failure of
the alloys at 700 F and higher. No reduction of
room-temperature properties was found after short-
term exposures of Ti-7Al-4Mo at 600 F. As a result
of this work, the use of silver plating on these
parts was discontinued. Instead, organic bonded
dry film lubricants or graphite greases were
adopted in place of silver thread lubricants and
molybdenum disulfide vts selected over silver
antifretting agents.//
Before other silver compounds are applied

to titanium, a complete evaluation of the effects
of stress and temperature on the stress-corrosion
cracking by silver is recommended.

Iin

Titanium showed excellent resistance,(l)
to tin at 930 F.

weT sature A

In a survey of the corrosion propert:ies of
metals exposed to liquid metals at room tempera-
ture, none of the liquid metals tested were fzmnd
to be detrimental to unalloyed titanium A-70.(107)
Exposure was carried out at 77 to 91 F with a
relative humidity of 80 percent. Prior to exposure
to the liquid metal, an ethanol-HCl etchant and
several fluoride etchants were applied to the
titanium:

(1) HoFo + M HF

(2) m HF

(3) NeF + 24 HyS0,

(4) Ethanol - HF o
(%) M HCl - 0.2 NaF.

No evidence of oxidation, cracking, or loss of

coherence wa ob’omd for the liquid metals shown
in Table 63.

TABLE 63. LIQUID METALS EXPCSED TO Ti A0 TWMAPI

Hg

Hg soturated Ga saturated Ag
Hg saturated :'S Ga satureted Qv
Hg saturated Au Ga saturated N 9kig=2Ge satureted In
Ho saturited Do Ga satuzated P 9%g-3Gs satureted T1

9%ig-5T1 satureted In

Hg satursted Mn 00Gs~-201In 78ig=17In=10T)
Hg saturated Pd 63G8=-331n Slig-41In-071
Hg saturated Pt
Hg saturated b 93Ga-58n 0Hg-18T1-20»
Hg setursted B - 9200-80n :
70Ga=-10In~128n

™ memea
TONg-3008 1004 |
. e

n
90Mg=101n Big~-2
luu.-m: )
0M9=-301n Sllig-2tn
93Hg-AT1 90ig-22n
Wm’i
0Ng~30T1

ik il st ik b

i




(1)

(2)

(3)

(4)

(5)

(6)

(n

(8)

(9)

(10)

(11)

(12)

(13)

(14)
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APPENDIX A

THERMODYNAMIC CONSIDERATIONS FOR REACTIONS
OF Ti-6A1-4V WITH NITROGEN TETROXIDE

J. J. Nard*

A limited study was undertaken by DMIC to
collect and examine thermochemical data ccncerning
the possible reactions that might be expected to
occur between the Ti-6A1-4V alloy and the available
grades of NoD4.

To this end, the standard heat of formation,

AH%¢, and standard free energy of formation, 4GOf,
of a number of compounds of interest were collected
or estimated for temperatures from 0 to 400 K {-459
to 260 F). These are given in Table A-1. The
compounds in this table were selected on the

tasis of liquid NoO4 and its nominal impurities
{see Table 52) and the pustulated reaction products
of these with titanium, aluminum, and vanadium.

The values of &HO¢ of the compounds in
Table A~] were used to calculate the standard
heat of reaction and standard free energy of re-
action that could possibly cause failure of ti-
tanium in NoC4.  Eighty-five reactions were
posiulated and grouped as folliws:

(8) Changes of state or reactions between
’ N204, m' Ng, 02, and Hﬂ

(b) Reactions of elemental Ti, Al, and V
with N204

(c) Reactions of elementsl Ti, Al, and V
with N0, impurities ‘

{d) Reactions of Ti0, TiOg, and TiN with
NO4 and impurities in NoO4.

Five other reactions (Group E) were also postu-

lated in considering the possibiiity of chloride
removal from NoOy4 through the use of silver addi-
tions. Thece reactions and thermochemical

::;n for them at 77 and 260 F are given in Table

The resctions shown in Table A-2 with
negative sign for 8GPR can cccur if the reactants
and products are in their standard states,

The standard state for gases is taken at
one atmos here for the idesl.gas. In the case
of solids. the standard state is & crystalline
bulk state. Ligquids are considered at one

‘stmoipher? precsure. An example of scolid-state

reaction is 61, Table A=2, am

Ti(c) + TiOx(c) = 2T10(c).
If Ti0x(c) or TiO(c) axe protective film. s free-
enexgy value would be required for the change fiom
8 bulk state to a film as

2T10(c) w2710 (f1lm)

Ti0x(c) wash TiO, (film).

~* Pellow, Materials 'nmnwvnlltc: Dlv!non.

htullo Memorial Institute, Goxu\u'. Ohlo.

The free energy of the foregcing reactions was
not taken into account because of 3 lack of data
on surface effects. For similar reasons, tne
free energy of solutions of NO(g) in NxC4(1) and
other solution effects were not calculated.

The equilibrium constant, Kg, of reaction
can be calculated from the values of aFog by
the equations

8GO = -RT lp Kp -

With the equilibrium constant, Kg, the
equilibrium extent of reaction can be calculated
under conditions of activity and cuncentration
that are different from the standard state.

The eifect of pressure on a reaction can Le
evaluated from the relationshin,

A6 .
ap Av.

in general, if the number of gaseous mcles of
reactant is greater than the number of gasecus
moles of product, the extent of reaction is greater
with an increase in pressure at equilibrium.

It should be emphasized that the value of
the standard free energy of formation is only an
indica’iun of the possibility of a reaction. The
AFCR value gives no information on reaction rate
nor time requirement for the initiation of o
reaction. The time dependency belongs to the study
‘of reactien kinetics and mechanisa.

Comments on the negative results suggested

by the 78 postulated Groups B, C, and D reactlions

have previousiy heen susmmarized in the body cf
this semorandum.

So far as the Group A reactions are con-
cerned, Reactions 2 and 3 indicete that H G
additions to NjO4 to form and NO {with or
withcut NCz) are not favored In the sbsence oi
oxygen. In the presence of cxygen (Reaction 5),

- HNO3 formation from H0 and K04 is favored.

Conpletion of this reaction would also be pro-
moted with increasing pressure. This suggesis
than anv bereliclial effects ascribed tc HG
additicns may erise only where some free oxygen is
ﬂ"‘.ﬂtc :

" Resction 6 supports the lnccq»ubnny of
aixtures of oxygen and NO.

The Group E reactions were considered since
there {s some question as to whether or not the
chloride aight be contributing to the strese~

corrosion problem. If this concern persists, then

the use of a silver f11m or ion aight be con-
sidered to remove the chloride as WC1 by precipi-
tation to AgCl ss shown in Resctions 87 and 99,
This assumes that AgCl ls 83 insoluble in N4

ss u e ln nur. whitk 1s llkﬂy.

ity ety g s
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TABLE A-1. THERMOCHEMICAL DATAY FOR COMPOUNDS OF INTEREST IN THE
: COMPATIBILITY STUDY OF NITRCGEN TETROXIDE IN TITANIUM METAL

Standard Heal of Fomation, AH, keal/gnol, Standatd Free Energy of Fomation, AGj, kcal/gnal,

at Indicated Temperatures, Kelvin at Indicated Temperatures, Kelvin

No.  Compound 0 100 200 28 300 400 0 100 200 298 300 400

1 Ti0(e) 123,186 -123572  -i38M 135900 123900  -)2383 123,086 -121.4856  -119.200  -116.892  -116.848  -114.505
2 Tig4e) -360.923  -362.039 362782 -362.900  -362.898  -362.611  -360,923  -355.711 348978 342224 342096  -335.194
3 T"02(c) 20347 225012 25417 225,500 -225.500  -225.381  -224.347 220919 216,635  -212.83 212201 -207.780
4 TilN(e) 19625 40.0% 80,367 -80.500 40,501  -80.491 -19.625 -18.028 -15.897 -73.637 +73.595 -11.92
§ TiCly(e) - - - 123500  -123.494  -123.184 - - - -112970  -112904  -103.422
6 TlClz(l) 12193 2,245 12,215 -12.300 -12.301 12.389 -12.193 -73.004 13,749 714,464 -74.478 -15.197
T Tl -195.803(c)  -196.146(c) -195.667(c) -192.300¢) -192.277¢) -19L073(f) -195.803(c) -189.122(c) -182.259(c) -176.319¢) -176.219@) -171.051@)
8 *TiiNOg)y(c) - - - - - - - - - 1210 - -

9 TIONOg - - - - - - - - - 1800 - -
10 AlCiy(e) -168.299 -166.978  -168.912  -168.580  -168.573  -168.160  -168.299  -162.784  -156.592  -I50.63€  -150.505  -144.543
11 Ay -39.494  -39B.697  -399.838  -400.400  -400.406 400555  -397.494  -392.241  -385.3 38078 370940 -370.416
12 VO{o) - - - <98.000 - 97.800 - - - 91.400 - -89.100
13 Vyylc) - - - -256.000 - +295.600 - - - -216.970 - -268.150
W VClye) - - - {~117.000) - (~116.550) - - - {~105.900)- - {~102.100)
15 W - - - (-40.800) - (-40.750) - - - -34,550 - +32.400
16 AN - - - +16,000 +76.,004 -76.19 - - - -68.595 -68.549 -66.038
7 N0, +AT3 +3.319 +2.563 +2.170 +2,165  +2.035 +4473 +9721 416446 423355 23086 +30.619
B N0, (-4.488) (-6.599) (-5.78%) -4,676 4652 (-3.142)  (-4.488)  (+3775)  (+13.863) +23.82  +3455  (+32.600)
B ROyic) -1.263 -8.60i 483 (-8.373) {-8.358)  (-7.141) *1.263 +217¢  +13.095  (+23.785) (+23.984)  (+34.600)
0 NO(p +21.45 +21L.2% 421988 421580 421980 421590 4?1546 421256  +20.984  + 20697 420692  +20.094
A NO(@® +2043 +0084  +19786 419610 +19.608 419530  +20.430 42573 4230185 424896 2928 426716
2 ROy(p) +8.586 +8.3% +8.099 +71.910 +1907 470 +8.586 49505  +10853  +12247 412247 413781
23 NGy +18.58 +11912 41318 417000 416995  +16815 418529 420985 424272 +245 421811 431440
U N Odp) - ~ +3.03% +2.700 +2.597 +2710 - - +19.88 428086 +3.34 +36.898
& HNOy@ - ~ - -41.309 - - - - - =19.030 -

% Nﬁ03(g) - - - +19.800 419787 +19.681 - - - +33.38 433408 +31.965
7 HRO4(p) -9.755 -30.749 -31.527 -32.100 319 <3412 -28.75% -26.696 22332 -17.690 -17.601 <12.704
3 NOCI(g) - - - +12620 412619  +12.602 - - - +1608 416070 417224
B NOLCHg) - - - +6.310 +6.307 +6.185 - - - +16300  +16.361 +19.734
¥ OO0 - - ~ -68.320 - - - - - -56.720 - -
i HOR <5703 57,433 51,519 51,798 -57.803  -58.042 -51.103 -$6.559 +§5.635 -54,636 54617 53,519
3 HClp) 22019 -22.063 208 -22.063 22064 218 22019 20289 ~22.535 2718 22182 -23.012
B Ny 9,52 -10.052 ~10.508 -11.040 11050  -1L572 4,362 8.205 +6.195 +3.966 =392} <1467
M NH Ll - - - +75,380 5380 75222 - - - $.743 -18,578 +39.660
3% AgCl - - - -30.362 - - - - - 26224 -

% AgNOy - - - 2430 - - - - - +1.690 -

¥ a0 - - - +1.306 - - - - - +2.586 -

* Estimated vaiuss,

(a) Numerical values carried t yond the significant place for computational consistency. The following references were used as sources for the data contained in this table:
Stul, D, R ot al, JWNAF Thermochemicai Tables, P8 168370, Clearinghouse, U.S, Department of Commerce, Springtield, Va., 12251 (1965).

Ellioty, Jon F,, and Gleiser, Molly, Tharmociemistry for Steelmsking, Vol. |, Addision-Wesley Publishing Company, Inc., Reading, Massachusetts (1960).
Latimer, Wendell .., Oxidation Potentials, 2d Edition, Prentice Hail, Inc., New Yok (1952),
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TABLE A-2. THERMOCHEMICAL DATA FOR POSTULATED REACTIONS OF INTEREST (N THE COMPATABILITY STUDY OF
NITROGEN TETROXIDE AND THE Ti-6Ai-4V ALLOY(a,b)

Standard N%al of Reaction, Standard Free Energy ol:Reaction,
AHp, keal AGg, keal
Number Reaction KT F) 400 K (260 F) 28 K (77 F) 400 K (260 F)

Group A, Changes of State or Reactions Between N204, NO, N0, 02, and HZO

1 N;04 (8) == N;0, (D 5.86 5.7 0.073 +1988
28 3N,04 ) + ZHZO {f) e 4NN03 (€) + 20 (g) +28.432 - +8.868 -
38 M504 {2) + Hy0 (£) wmde 2HNO, (€) + NO (g) + NO, (8) +24,374 - +5.040 -
'8 N,04 €) + %0, (8) == N;05 (8) +1.376 +6.852 4904 A8
5¢ Ny04 (€) + %0, (8) + H,0 (£) = 2HNO3 £) 9,702 - 4,622 -
6* NO () + 1205 (g) i ¥ N;0, () -23.198 -23.161 -9,05 -4.091
1+ 20, (g) === N0, ) -20,946 -18.682 -1.212 +5,105
Group B. Reactions of Elemental Ti, Al and V with N,0,
8§ Ti (€} + %iNo04 () = Ti0 (c) + %N, (8) -223.162 -223.870 -213.9% -224.084
§ Ti(6) + ¥ Ny0, (8) == 10, (¢) + 2N, (8) -226.585 -226.409 -223.961 -223.09
10§ Ti(c) + HN;04 () %= Ti0 (c) + KNy (B) 122131 -123.052 -122.7113 -122.657
1l Tic) + %N;04 (2) TR Ti0 () + 4N, (@) -14.443 120,347 ‘12,731 -122.160
12§ Ti(c) + %"204 @) =®TiK{c) + 0, (8) -18.162 -18.920 -85.278 -87.596
13§ Ti(c) + ,l’zN204 (g) =TiN(C) + 0, (8 -81.585 -81.508 85315 -86.602
U 2Mi (c) + % Ny0, (€) == TiN (c) + Ti0y (c) -303.662 - -304.361 -291.561 -295.376
15§ 2Mi () + XN, (€) &2 Tig05 (c) + XNy (8) -359,393 -360.254 +353,686 -359.649
16 2Ti (¢) + %Ng0y (B) %Tiz05(c) + %NR) -364.528 -364.13 -350,740 -358.158
n Ti(c) + %N;0, (8) & Ti0y (¢} + Y% No (B) -226.580 -226.409 -223.958 -223.089
B§ 21 (€) + ¥N,04 €) = Aly04 (€) + %Ny (6) -396.893 -3%.198 395,540 -304.873
] 21 (0) + % Ny04 () s A1,04(c) + XN, (8) -402.028 : -402.081 -395.504 -393.382
0§ W (c) + %N;0 (€) BV,04(c) + %Ny (2) -92.493 . -293.203 84431 -292.60%
2 V() + XNy04 ()&= Vo04 (c) + %Ny (B) -297.628 -297.1% -294.486 -9L1M
2+ V(€) + YN0y (£) s VN (<) + 20, (1) -38.462 -39.29 -46,191 -48.,103
P21 ] Al () + Y:Nq0y (2) w AIN (c) + 20, (B) 1085 0.%67 -80.212 8138
% 772V () + YN0 () e 3/2VN (€} + V04 (c) -353.693 -354.368 -346.257 -341.205
5 7721 () + %Ny04 (€) v 3/2AIN (c) + Riy03(c) -510,893 -512.282 -488.432 -493.930
Group C. Reactions of Elemental Ti, Al, and V with N0, Impurities
% Ti(¢) + 2Nq0 (g) &= Ti0y (¢) + M, (8)- -264.720 264,451 -22.075 %1212
) Ti{c) + %N,0 (3) @ Til (c) + 10, (¢) +90.308 -90.256 86085 +84,650
3 Ti(e) + N,0 (@) @ TiO () + Ny ) -143.,500 -143,368 -141,788 <1221
A Ti(c) + NO(8) anTi0(c) + kN, (@) - 145,480 145428 -137.589 ~134.899
kiR Ti(c) + 20 (8) R TiCy(c) + N2 (@) -268.660 -268.57. 253,677 +248,568
3 Ti(c) + NO () & TiN (c) + %05 (®) -102.080 -102.081 94,334 -91.686
- Ti(c) + %NOp (g) @ Ti0 (c) + %N, (1) -120.855 12178 123,018 -121.380
3 Ti (C) + NOy (g) Wi TiOy (¢) + %N, (@) 233410 -233.161 224,590 221,31
k] Ti (¢) + ND, (8) wr TiN{) + 0,8 -88.410 -48.261 -85.884 85,043
k- Ti{c) + NOCI (g) ws TiCly + 2NO (g) -105.580 -105.208 -103.674 -103.082
% s/2Ti (€) + NOCI(g) wel % TiCl(c) + TiN (¢) + Ti0 (c) 278,170 -275.5_23 -263,063 251132
N 872V (g) + NOCI (g) i 3VCIy(c) + VN () + YO (c) +20.920 0942 -193.949 188,774
B 8/3A1 (¢) + NOC! (g) e /3 Al Clg (c) + AN (c) + /3 N0y (c)  -278.0% 28,133 -2%0.699 254704
9. Ti(c) + 273N03 () w® Ti0, (¢) + 13N (B) 236,822 -236.591 -230.761 228,625
! L)) Ti(e) + w5 NyOg (2) e Ti0(c) + VsNy (@) «124,400 -124,380 122529 -121.88%
§ e TH(e) + ¥NQy @) + 10, (8) R Ti0y (¢) + KNy ® 224,330 224,605 +218.103 -215,932
I 2 Tiqe) + KNa0y (g + 140, (8) wTi0,(¢) + ¥Ny () «226.000 -225.900 218122 215,435
; (X Ti(e)+ % Np0y @) + NO(®) wTi0, (€) + X Ny(1) -245.910 -246.195 -238.800 -236.326
] (TR Ti(¢) + KNaOy () + NO(8) T, (¢) + XN, (1) 21620 -247.490 28819 ; -235.829
! $8 “Ti(e) + KN 90y €) + K0 (€) W Ti0y (¢) + 1N, (8) + Hy (@) «155.980 - 161,33 -
i '] Ti(e) + “NzO‘ @) + H20 [14] - T!Oz () + “’“2 @+ Nz @ 151,720 - «161.402 -
g Y] Mi(c) + BN 0, (0 + %0, (0) o Tigly (c) + Wiy (9) -360.50 +360,090 +353.865 «351.498

e




A=d
TABLE A-2. (Continved)

(1) designatos liquid phase
* designatss reactions favored for completion by increasing pressure
§ dosignatas reactions repressed by increasing pressure,

{b) Numerical values cartied beyond the significant place for computational consistency.

Standard Hgol of Resction, Standard Free Energy of Reaction,
AN, keal , AGp, kal
Number Reaction 28K (77 F) 400 K (%0 F) 28K(711F) 400 K (260 F)
L M 2Tifc) + %N;0, () + 10, (g) ™ i3 (¢) + 12Ny (§) -363,965 -363.630 -353.892 -350.504
L] mie) + % Ny0y @+ NO(3) Ti203 {©) + Ny (p) -382.140 -381.680 -374,567 -371.892
50° ZTi(c) + N0y (g) + NO (g) a TigO (c) + Ny (g) -385.%5 -385.20 374589 -310,8%8
51¢ 2Ti(c) + %N04 0 + H0 0 @ Ti0z(c) + KNy () +
Hy(®) -292.240 - AR -
52 2Ti (c) + %N, + Hs0 Tig0q (€) + ¥Ny () +
$ {€) + %N,y (8) + H,0M0) \-‘" 2(‘:;%‘ )+ %N, (8) 295555 ) o, o
53¢ Ti(e) + vaNy04D + %0, (3) @R Ti0(c) + vaNy (1) 1B 1B -119.802 118,581
54 MIGERY; ] nzo, ®+ l‘Oz {?) «==Ti0(c) + valy (@) ~124.170 -124.092 -118.811 -118.332
55¢ Tife) + vaN0y ) + % N0 () @R Ti0 (c) + 34N, (8) -134.105 -134.240 -130.151 -128.778
5% Ti(e) + 1/8%,04 (8) + KNO (g) R Ti0 (¢) + /8Ny (g) +135,500 -134.89 -130.160 -178.529
51§ Ti(6) + VAN, 0 + %H0 () & Ti0 (€) + AN, (g) + ’
hy @) -89.155 - 91442 -
8§ Ti () + VaNy04(8) + H,0 © @2 TI0(€) + VAN () +
KM, () -90.550 - 91451 -
9 Ti () + NyOy @ + 3M0 (g) @R Ti0 (NOg)y ic) + 3/2N, (g) - - -215.313 -
80 Ti () + N0y ) + 3/205 (5) @ Ti0 (NOg)y (€) - - -213.282 -
Group D. Reactions of Ti0, and Ti0,, and Ti with N0y and Impurities in N0,
61 Tioz (¢) + Ti () wd2Ti0 (c) -22.300 22,285 -21.501 -21.230
62* Ti0(c) + 502 (® w=Ti0y(c) -101.600 -101.553 -95.391 -93.275
83 TiN(c) + %0,(®) == Ti0(c) + 1t Ny ’ -43.400 -43.347 -43.255 -43.213
(11 ] Tid(c) + Na04 © @Tioz (c) + 2NO(g) -53.764 -55.231 .21 -85.094
6 Ti0 (c) + NO () ©2 Ti0, (c) + KNy (0) 123,180 1813 -113.780 113.669
66 Ti0 (c) + NO (g) ™ Ti0y (c) + NO (g) 87930 B YRE] -86.941 46,632
68 Ti0y (6) + /2850, () wRTi0 (NO3)y c) + NO(g) - - +8.057 -
68 Tioz (€) + NGy (@) - Ti0 (N03)2 (¢) + NO(g) - - +6.29 -
69° Ti0p (€) + SNO (g) & Ti0 (NOg)y (€) + 3/2N, (3) - - 81202 -
08 TiN(c) + n,o‘ 0 o™ Ti0 (c) + N0 (p) +15.178 +24,55 4,46 245
ne TiO (€) « N0y @ + 0 () wRTIO (N0 (€) - - %.3%0 -
n* Ti0(€) + N0y (©) + 2NO (3) @™ Ti0 (NOy)y (¢) + N (g) - - 137,784 -
n* Ti0p (¢) + NgOy (0 + %04 w Ti0 (RO, (€) - - 0.59 -
ne Tiy (¢) + NyDy (D) + NO (g) e Ti0 (NOg), (¢) + %N, (5) - - 216% -
B Ti02 (¢) + ANOC! (3) e TiCl, (c) + ZNOZ(l) + M0(p) +41.700 +42.3%0 +37.6% +34122
7%° Ti0y (c) + ANOC (g) @ TiC1y (€) + 2,03 (8) 230 B +38.416 HLI63
ne Ti0, (<) + 4NOC! (3) R TiCl, (€) + 3/2N,0, ) + %Ny () U3 20,803 +6691 +14.044
%8 Ti0y () + ANOC! (g) wsi TiCly (€) + 2N, (8) + 30, 8) -17.280 -16.090 8.2 -34.167
9% Ti0 (c) + 4NOC! (g) ® TiCly (¢) + N0 () + NOy () +46,320 -45.103 49,285 50,509
804 Ti0 (c) + 4NOCI (3) wi TiCly (c) + M, (2) + 57205 () ~118.800 -117.643 +123,623 -125.42
8l Ti0 (¢) + 2NOCI () !*TiCIz (¢) + NO, (g) + NO(g o +4,650 +4.810 +4.768 +4,780
B TiN () + ANOC! (3) wir TiCly {c) + 3NO (8) + NoO (@) 11930 -76.690 -19.891 -80.757
9 TiN () + SNOCI (g) + 24,0 (F) v TiCly (c) + NH,Cl(e) +
NO(g) + NyO,® -63.573 - ~-32.857 -
M Ti0p (c) + 2HNOy (0 e Ti0 (NO3)y (c) + H0 6) - - +3.621 -
& Ti0(¢) + 2HNOy () W Ti (NO3), (¢) + H0 ) - - 28.768 -
Group E, Reactions for Possibie C) Removal by Silver Additions
% NQCI (g) + Ag (¢) weAgCI (¢) + NO(g) 21402 - 21576 -
8¢ N0y @ + Ag (c) @ANDY(c) + NO(g) 3 .- 10.27% -
8¢ B0, (0 + 2Ag (c) A0 (c) + NO(g) +16.612 - +4.470 -
83 AgNOy (c) + NOCI () we AgCi (c) + Ny0, (B -18,228 - -11.301 -
% ClI(c) + Ti(¢) @ TiCly () + 2A3 (¢) ' 2776 - £0.522 -
(9) The lollowing notations are used in this table: ; .
(g) designates gas phase
1) designates condensed or Solid phase ,




IST DA I
DEFENSE METALS INFORMATION CENTER
Battelle Memorial Institute
505 King Avenue
Columbus, Ohio 43201

Coples of the memoranda listed below may be obtained, while the supply lasts, from DMIC at no
cost by Government agencies, and by Government contractors, subcontractors, and their suppliers. Qualified
requestors may also order copies of these memoranda from the Defense Documentation Center (DDC), Cameron
Station, Building 5, 5010 Duke Street, Alexandria, Virginia 22314. A complete listing of previously
issued IMIC memoranda may be obtained by writing IMIC.

Number * Title
203 Recent Information on Long-Time Creep Data for Columbium Alloys, April 26, 1965 ( AD 464715) T
204 Summary of the Tenth Meeting of the Refractory Composites Working Group, May 5, 1965 (AD 465260) B
205 Corrosion Protection of Magnesium and Magnesium Alioys, June 1, 1965 (AD 469906) oA
206 Beryllium Ingot Sheet, August 10, 1965 ( AD 470551) oy
207 Mechanical and Physical Properties of Invar and Invar-Type Alloys, August 31, 1965 ( AD 474255) i
208 New Developments in Welding Steels With Yield Strengths Greater Than 150,000 Psi, September 28, | ;
1965 ( AD 473484) i

209 Materials for Space~Power Liquid Metals Service, October 5, 1965 ( AD 473754) I
210 Metallurgy and Properties of Thoria-Strengthened Nickel, October 1, 1965 (AD 474854) »
211 Recent Developments in Welding Thick Titanium Plate, November 24, 1965 ( AD 477403) -
212 Summary of the Eleventh Meeting of the Refractory Composites Working Group, April 1, 1966 f-—f,
213 Review of Dimensional Instability in Metals, June 23, 1966 ( AD 481620) I RY
214 Surface Welding in the Space Environment, June 9, 1966 oy
215 Titanium - 1966 (Lactures Given at a Norair Symposium, March 28~29, 1966), September 1, 1966

216 We].dability of High-Strength Aluminum Alloys, August 22, 1966

217 A Survey of the Feasibility of an Analytical Approach to Die Design i.n Closed-Die Forging.

June 1, 1966

ek e




’

NK PAGE

«
o

- ;
i

[ .

* * -

. R s TR

N

& T




Unclassified

Socmig Classification o
DOCUMENT CONTROL DATA - R&D

(Security claseification of title, dody of abstract and indesing annotation must be entered when the overel! report la claseified)

1. ORIGINATIN G ACTIVITY (Corporate author) 26. REPORT STUCURITY C LASSIFICATION

Battelle Memorial Institute Unclassified

Defense Metals Information Center 25 amour
505 King Avenue, Columbus, Ohio 43201

3. REPORT TITLE

Corrosion of Titanium

4. DESCRIPYTIVE NOTES (Type of report and inclusive dates)
IMIC Memorandum

8. AUTHOR(S) (Last name, firat name, initial)

JaCkson, Je Do, and BOYd, W. K.

| September 1. 1966 42 107

6. REPORT DATE 78 TOTAL NO. OF PAGES 7b. NO. OF REPS

§8. CONTRACT OR GRANT NO.

?-33,(;(21753;3408 IMIC Memorandum 218

98. ORIGINATOR'S REPORT NUMBER(S)

e. . a"r.ull l,lon? NO(S) (Any other numbers that mey be nol'nd

d.

11. SUPPL EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

10 AVAILABILITY/LIMITATION NOTICES  Conies of this memorandum may be obtained, while the
supply lasts, from IMIC at no cost by U. S. Government agencies, contractors, sub-
contractors, and their suppliers. Qualified requestors may also obtain copies from

U. S. Air Force Materials Laboratory
Research and Technology Division

Wright-Patterson AFB, Ohio 45433
13. ABSTRACT ‘

This memorandum summarizes information on the corrosion of titanium and
its alloys available during the period 1960 to mid 1966, It describes the corrosiovﬁ
rasistance of titanium in salt solutions, acids, gases, organic media and liquid
metals. Included are such topics as field-service experiences, stress—corrosion
cracking, galvanic (two-metal) coupling, and anodic protection for titanium and
titanium alloys. Media in which stress-corrosion cracking is reported include
NaCl solutions, HoS04, HCl, dry red-fuming nitric acid, methanol containing H2SO4
or HCl, certain grades of N;O,, molten cadmium, mercury, silver and silver-
containing compounds and alloys. Stress-corrosion cracking dats on hot salt and

accelerated crack propagation were covered previously in IMIC Technical Note,
February 1, 1966,

e e————————————————————————————————
DD .M. 1473

nbe —Unclassified
, Security Classification

e

o il B M

el




Unclassified

s-cudg Classification
R e
LINK A LINK B LINK €

4
KLY WORDS oLk | wr noLR wT | RoLB wr

. Titanium
Titanium alloys
Corrosion
Stress-corrosion cracking
Galvanic corrosion
Crevice corrosion

; Pitting corrosion
¥ Corrosion fatigue
! Cavitation

Anodic Protection

Field service

Heat transfer

Radiation exposure

Noble metal additions

Descaling

Inhibitors

; Seawater

i Salt solutions

Crude oil’

Sulfuric acid

Hydrochloric acid

Nitric acid

Fuming-nitric acid

Nitrogen tetroxide

y Phosphoric acid

] Mixed acids

Chlorine

Hydrogen

Hydrogen sulfide

Sulfur dioxide

Sulfur trioxide

Stack gases

Ammonia

Molten alkali

. Sodium fluoride

| Food
H Methyl alcohol solutions

Organic chemicals

Formic acid

Oxalic acid

Tall oil

Liquid metals

T ey

b g

ENPY

M_

N




